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Introduction 

1.1 Muscle contraction 

Muscles are molecular machines that convert chemical energy into mechanical 

force. The molecular mechanism underlying this conversion process forms the subject of 

a large part of the current research into the molecular biophysics of muscle, since it 

remains one of the major unsolved problems in biology [Squire, 1981]. 

- Nucleus 
Sarcolemma-

Sarcoplasrn_ 

Filaments-

Myofibrils -
Stations 

Figure 1.1. Ultrastructure of skeletal muscle fibre [Fox, 1996, Human 
Physiology, reproduced with permission of the McGraw-Hill Companies]. 

Muscle contraction is an adenosine triphosphate (ATP) driven motility system 

mediated by sliding of myosin and actin filaments. Vertebrate muscle that is under 

voluntary control has a striated appearance. It consists of multinucleated cells that are 

bounded by an electrically excitable plasma membrane called the sarcolemma. A muscle 

cell contains many parallel myofibrils, each about 1 um in diameter. Figure 1.1 shows the 

ultrastructural features of a skeletal muscle fibre. The functional unit of the myofibril, 

called sarcomere, repeats every 2.3 urn along the fibril axis. The underlying plan of a 

sarcomere, as can be revealed by electron microscope images of cross sections of a 

myofibril, shows two kinds of interacting protein filaments: thick and thin filaments. 

Thick filaments consist primarily of myosin and thin filaments contain tropomyosin, 

troponin and actin. The thick and thin filaments interact by cross-bridges, which are 

domains of myosin molecules. 

1.2 Sliding filament theory of contraction 

The contractile force of muscle is generated by the interaction of myosin cross-

bridges from the thick filaments with actin units in the thin filaments. In muscle 

contraction thick and thin filaments slide past each other, thereby shortening the muscle 

length by as much as one third of its original length. In the 1950s, A. Huxley and R. 
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Niedergerke, and H. Huxley and J. Hanson independently proposed a sliding filament 

model on the basis of x-ray, light-microscopic, and electron-microscopic studies. In 

essence, the length of the thick and thin filaments does not change during muscle 

contraction. Thick and thin filaments slide past each other, causing a decrease in 

sarcomere length. The force of contraction is generated by a process that actively moves 

one type of filament past the neighbouring filaments of the other type. 

1.3 Myosin 

In both muscle and non-muscle cells, various isoforms of myosin play critical 

roles in a variety of cellular movements and shape changes. Cytokinesis, directed cell 

migration by Chemotaxis, capping of ligand-bound cell surface receptors, developmental 

changes in cell shape, and muscle contraction are only a few examples of events in which 

molecular motors of the myosin class are involved. 

Myosin head 

S2 (60 MI ) +-** SI (20 ran) 

LMM(90nm) *--* HMM(80nm) 

Figure 1.2. Myosin structure (not drawn to scale). Myosin has 2 globular heads 
connected to a long a-helical 'coiled-coil' rod. Each head (i.e, myosin 
subfragment SI) is composed of a globular motor domain and a long slender 
neck that is stabilised by the presence of essential (ELC) and regulatory (RLC) 
light chains. Catalytic (i.e., ATP pocket) and actin binding sites are located 
within the heads. Myosin subfragments, indicated by arrows, can be obtained 
through proteolytic cleavage as described in the text below. 

Myosin is a very large molecule (520 kDa) made of six polypeptide chains: two 

identical heavy chains (each 230 kDa) and four light chains (each about 20 kDa). Myosin 

has three important biological activities. First of all, myosin molecules spontaneously 

assemble into filaments in solutions of physiological ionic strength and pH. Secondly, 
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myosin is an enzyme. It splits ATP providing the free energy that drives muscle 

contraction. Thirdly, myosin binds to the polymerised form of actin. 

Myosin molecules can be enzymatically split into fragments that are still 

functional compared to the intact molecule. (Chymo-)trypsin can cleave myosin in two 

fragments, light meromyosin and heavy meromyosin. Light meromyosin (LMM), like 

myosin, forms filaments, but lacks ATPase activity and does not combine with actin. 

Heavy meromyosin (HMM) catalyses the hydrolysis of ATP and binds to actin but does 

not form filaments. HMM is the force generating unit in muscle contraction. HMM can be 

split into two globular subfragments (called SI) and one rod-shaped subfragment (S2). 

Each SI fragment contains an ATPase site and an actin-binding site [Stryer, 1988]. A 

cartoon of a myosin molecule is shown in figure 1.2. 

1.4 Actin 

Actin molecules (42 kDa) polymerise at physiological ionic strength into actin 

filaments (F-actin). In electron microscopic images, an actin fibre resembles two strings 

of beads wound around each other. The ATPase activity of myosin is markedly increased 

by actin. The physiological regulator of muscle contraction is calcium. In the resting 

(relaxed) state of skeletal muscle, Ca2+ is sequestered in the sarcoplasmic reticulum, a 

specialised form of the endoplasmic reticulum, by an active transport system. This ATP-

driven pump lowers the concentration of Ca2+ in the cytosol to less than 1 uM. A nerve 

impulse leads to the release of Ca2+ from the sarcoplasmic reticulum, which raises the 

cytosolic concentration to about 10 |iM and leads to muscle contraction. 

Tropomyosin 

Troponin complex: 
Tnl, TnC, TnT 

Figure 1.3. Schematic drawing of a thin filament, consisting of actin, the 
troponin complex (Tnl, TnC and TnT) and tropomyosin. 

Ebashi et al. [1967] discovered that tropomyosin and the troponin complex, 

located in the thin filament, mediate the effect of Ca2+ on the actin-myosin interaction. 
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Tropomyosin is a two-stranded a-helical rod. Troponin (Tn) is a complex of three 

polypeptide chains: TnC, Tnl, and TnT. TnC binds calcium ions, Tnl binds to actin, and 

TnT binds to tropomyosin. Each troponin complex regulates the interactions of 

approximately seven actin units [Stryer, 1988]. A schematic drawing of a thin filament is 

shown in figure 1.3. 

1.5 Types of muscles 

Skeletal muscle requires nervous stimulation to contract, whereas cardiac muscle 

can produce impulses and contract spontaneously. Smooth muscle lacks sarcomeres but 

contains actin and myosin, which produce contractions in response to a unique regulatory 

mechanism. Despite these important differences between skeletal, cardiac, and smooth 

muscle, there are also significant similarities. All types of muscle are believed to contract 

by means of the sliding of thin actin filaments over thick myosin filaments. The sliding of 

the filaments is produced by the action of myosin cross-bridges in all types of muscles, 

and excitation-contraction coupling involves Ca + in all types of muscles. 

Excitation Excitation Excitation 

extracellular 

Membrane 
^M^^SE^^ 

Caz 

intracellular 

Activator Ca Activator Ca 

Receptor 

Activator Ca 

SKELETAL CARDIAC 

Muscle 

SMOOTH 

Figure 1.4. Schematic representation of the different origins of calcium that 
activates contraction in skeletal, cardiac and smooth muscle cells [Redrawn from 
Nayler, 1988]. 

Calcium antagonists show a positive inotropic effect directly on the contractile 

machinery in all types of muscles and inhibit the calcium influx through influencing 
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calcium channels in the membrane in cardiac and smooth muscle (see also Chapter 4). 

Skeletal muscle membrane is relatively insensitive to calcium antagonists. Ca2+ currents, 

calcium antagonist-sensitive channels and specific calcium antagonist binding sites are all 

present in this tissue. In fact, the binding sites occur in large numbers - as much as 50 

pmol/mg protein for skeletal muscle, compared with 0.1-0.5 pmol/mg protein for cardiac 

and smooth muscle. There are two reasons that could explain the calcium antagonist 

insensitivity of skeletal muscle, the first being the fact that the calcium ions triggering 

contraction in skeletal muscle are of intracellular origin only (figure 1.4). A second 

reason could be that the calcium channels differ from those of cardiac and smooth 

muscle. For example, the channels in skeletal muscle have a relatively small ion-carrying 

capacity and are relatively insensitive to calcium antagonists [Nayler, 1988]. 

1.6 Muscle research on the molecular level 

During the last several years, the major challenge in the field of muscle 

contraction has been to develop a detailed theory explaining how muscle develops force 

and produces work. There is now general agreement that the overall mechanism of 

muscle contraction involves sliding of thin actin filaments past thick myosin filaments, a 

process driven by the hydrolysis of ATP. Most workers also agree that this sliding 

process is caused by a cyclic interaction of cross-bridges, extending from the myosin 

filament, with actin filaments. However, the details of this cyclic interaction still remain 

elusive. The cyclic interaction of myosin cross-bridges with actin filaments has been 

investigated from both structural, physiological, and biochemical viewpoints [Eisenberg 

and Greene, 1980]. 

WORKING STROKE 
Rigor 

ATP Actin (A) •••••Kxoxo i umamccccco ••••••oxcco •«^xçmxco 
m v l âATP ^ A D P V A A D P 

Myosin (M) —* — —f V\ ADP 
A+ '0A1£-

WEAK BINDING STRONG BINDING 

Figure 1.5. Actomyosin-ATPase cycle. A simplified view of the actomyosin-
ATPase cycle, also described in the text. Vertical double-headed arrows for weak 
binding states reflect rapid attachment to and detachment from actin. Solid 
circles in actin filament serve as a marker for motion imparted to actin filament 
during power stroke [Redrawn from Warshawetal, 1996]. 

The cyclic interaction of myosin with actin is currently viewed as a multi-step 

enzymatic process [Eisenberg et al, 1980] in which the myosin motor (M) binds either 
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weakly or strongly to actin (A), depending on the bound nucleotide in myosin's catalytic 

site (figure 1.5). 

If ATP or the products of hydrolysis are bound (M«ATP, M»ADP«Pj), myosin 

rapidly attaches to and detaches from actin and is thus weakly bound with an association 

constant (KaSsoc) of ~104M_1. Release of Pi is believed to enable the power stroke that 

generates displacement and/or force. After ADP release, myosin remains strongly bound 

to actin in a rigor bond (A»M) until the next ATP molecule binds, at which time the 

myosin detaches and the cycle begins again. 

Although this view of the actomyosin ATPase cycle is generally accepted, the 

precise coupling between the mechanics of myosin and its enzymatic activity is still 

unknown. For example, myosin's power stroke might be tightly coupled to the hydrolysis 

of a single ATP molecule. Alternatively, the myosin motor could generate multiple power 

strokes per ATP hydrolysed (i.e., loosely coupled). In order to distinguish between these 

two possibilities, the motions that myosin imparts to an actin filament per ATP 

hydrolysed (i.e., step size) must be determined. If this displacement is greater than the 

dimensions of the myosin head (figure 1.2), then this would serve as evidence for loose 

coupling, since it is unlikely that the myosin could generate such large displacements 

without detaching from actin [Warshaw, 1996]. However, when a displacement, smaller 

than the dimensions of the myosin head, is found, tight coupling might seem likely but is 

not necessarily true. 

Studies on muscle fibres have been important in defining many aspects of the 

contractile process. However, such studies are complicated on the one hand by problems 

associated with the large number of motor molecules working simultaneously and 

asynchronously, and on the other hand by the presence of a large number of components 

whose function is largely unknown. In vitro motility assays provide a promising approach 

to investigate myosin function consuming only a small number of purified components. 

In vitro motility assays allow the direct observations by optical microscopy of 

labelled single actin filaments [Yanagida et ai, 1984], as well as the motion produced by 

myosin molecules bound to artificial surfaces [Kron and Spudich, 1986; Harada et al, 

1987; Toyoshima et al, 1987]. 

There are several distinctive characteristics of the sliding actin in vitro motility 

assay. As already mentioned there is only a limited amount of proteins needed and thus a 

limited amount of interactions studied. Another advantage of this assay is that there is no 
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interference of other cell components and no influence of inhomogeneities of fibre 

structure. Also biochemical conditions are fully controlled. In addition to the plain actin-

myosin interaction also the actin-myosin interaction with reconstituted calcium regulation 

can be studied. This is accomplished by reconstitution of actin filaments with troponin 

and tropomyosin. Effects of the various proteins can be studied separately by 

interchangement studies. Details of the in vitro motility assay are described in Chapter 2. 

The initial discovery which aided the development of the in vitro motility assay 

was the ability to image single actin filaments that were complexed with a fluorescent 

rhodamine-derivative of phalloidin, a mushroom toxin that binds stoichiometrically to 

actin molecules within a filament [Yanagida et al, 1984]. Rhodamine-phalloidin serves 

two important functions in this respect. In addition to providing the fluorescence required 

to visualise the actin filaments, it also greatly decreases the critical concentration for actin 

polymerisation. This allows the extreme dilution of actin necessary to observe individual 

actin filaments in the microscope [Sellers et al, 1993]. The motility assay is a quick and 

sensitive method to quantify the interaction of myosin with actin. It complements the 

traditional measurement of the actin-activated Mg2+-ATPase activity of myosin. 

A number of in vitro movement experiments with extracts containing actin and 

myosin were reported in the 1970s, which formed the foundation for all subsequent work 

in this area. Early reports stating that purified actin and myosin can produce directional 

movement in vitro involved measuring the streaming of an actin- and myosin-containing 

solution in glass capillaries [Oplatka and Tirosh, 1973], movement of bundles of actin as 

measured by dark-field microscopy [Higashi-Fujime, 1985], and rotation of cylinders or 

pinwheels coated with actin in a solution of myosin [Yano, 1978; Yano et ai, 1982]. A 

quantitative assay was later developed that used the oriented polar cables of actin 

filaments that are found in the giant internodal cells of the alga Nitella axillaris. 

Polystyrene beads coated with purified myosin were observed to move when placed on 

the Nitella actin array [Sheetz and Spudich, 1983]. A more defined in vitro assay was 

developed by Kron and Spudich [1986] in which individual fluorescently labelled actin 

filaments were observed to move over a glass surface coated with myosin. 

In spite of decades of investigation, the molecular basis of the conversion of the 

chemical energy into mechanical work remains an enigma. Several methods based on the 

in vitro motility assay have been used to quantify velocity as a parameter of myosin 

function, and more recently, assays have been developed that measure force production as 

well. In the future, additional refined methods based on the in vitro motility assay will 
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need to be developed to probe other aspects of the motor function in more detail (e.g., 

cooperativity and efficiency). 

1.7 Step size 

One of the essential clues for the conversion of energy into work is the step size as 

mentioned in the former paragraph. The in vitro motility assay can be used as a tool in 

determining this parameter. Toyoshima et al. [1987] observed that actin filaments can 

slide over nitrocellulose surfaces densely coated with HMM heads at a velocity close to 

that of the shortening of unloaded muscle fibres, vo. The step size (d) can be expressed as 

the product of ts, the duration of power stroke(s) or the time of the strongly bound state in 

a single ATP hydrolysis cycle, and vo: d = vo • ts. Provided that each head cycles at Vmax, 

the maximum rate of actin-activated ATP hydrolysis, the equation can be rewritten as a 

function off, the proportion of stroking time to the total cycle time: d = vo • f • tc, with f = 

tg/tc, where tc is the cycle time of ATP hydrolysis given by 1/Vmax. This way of reasoning 

uses the premise that the rate of ATP hydrolysis by myosin heads interacting with 

actively sliding actin filaments is the same as the rate of ATP hydrolysis by myosin in the 

presence of infinite actin concentration, Vmax. The drag force on filaments moving 

lengthwise caused by the surrounding solvent is much smaller than the force produced by 

power strokes [Oosawa et al, 1977; Krön and Spudich, 1986], so that the action of a 

single myosin head is sufficient to move a filament at vo during the period of ts. If actin 

filaments were ideally rigid, the expected average velocity of a filament sliding over 

multiple heads (vexp) would be given by the product of v0 and the probability that the 

filament is propelled by at least one stroking head at any instant. [Harada et al., 1990]. 

Harada et al. measured a step size over 100 nm in their assay with myosin on a silicon 

surface at 22°C. Velocity of myosin on the silicon surface was almost the same as the 

unloaded velocity as measured in muscle fibres. Thus, Harada et al. support the idea of 

loose coupling, in which the myosin head could make a pause during a working stroke, 

discontinues the working stroke, or in some way fractionates the free energy from ATP 

hydrolysis. In this way the energy could be divided over multiple attachment-detachment 

cycles, making sliding distances that exceed the length of minimum moving filaments 

possible. 

In 1990 Toyoshima et al, following the same reasoning, showed that there is a 

minimum length of actin filament (MLF), dependent on the density of myosin on the 

10 
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surface, for continuous movement in the in vitro motility assay. Filaments, which extend 

this minimum length, move continuously at maximum velocity, whereas shorter filaments 

dissociate from the surface in the presence of ATP. If one assumes that the shortest 

filaments undergoing continuous movement are the filaments held onto the surface by at 

least one strongly bound (stroking) myosin head, then simultaneous measurement of the 

total displacement of a population of minimum-length filaments and the resulting total 

amount of ATP hydrolysed in the in vitro motility assay can be used to estimate the step 

size. Toyoshima et al. measured a minimum step size of 8 ± 2 nm (for an average number 

of heads bound (nav) equal to 1, for nav>l, d = nav x 8). Toyoshima et al. reasoned that, to 

support sliding movement of the MLF, an nav of more than 5 may not be required, 

implying that the step size will not exceed the geometric limit for tight coupling of 40 nm. 

Also the ATPase activity (Vmax) could be underestimated, and thus the step size 

overestimated, because the ATPase activity was measured from movement of long 

filaments during which special properties of the leading ends of sliding filaments were 

ignored. They further suggest that the HMM density or better, the head spacing, provides 

an upper limit for the step size that can be determined from a normalised activity and a 

minimum filament length. In the experiments performed by Toyoshima, HMM was 

applied in 15 (ig/ml on a nitrocellulose surface at 30°C. This resulted in a nearest 

neighbour distance (NND) of -30 nm, which is considerably greater than the calculated 

step size (for nav 1) of 8 nm. In contrast, Harada et al. measured a step size of lOOnm, as 

mentioned above, with a NND of 11 nm. Harada calculated an adjusted step size, 

accounting for the temperature difference between their experiments and those of 

Toyoshima et ai, of more than 68 nm. Because of this larger step size and because the 

sliding velocity of HMM on nitrocellulose was lower than that of myosin on a silicon 

surface as well, they suggested that the HMM on nitrocellulose surfaces might have 

suffered under internal loads caused by the mode of attachment to the nitrocellulose. 

The large differences that were found in step size values invited further 

development of methods to determine step size. A second approach to estimate the step 

size was taken by Uyeda et al. [1990]. They introduced a transmission efficiency, to 

correct for actin filaments being not ideally rigid, as shown by Nagashima and Asakura 

[1980], and Yanagida et al. [1984], Buckling or straightening of the filament would 

account for a power stroke not being transmitted effectively in movement of the whole 

filament. And because free filament ends limit the effect of a stroking head, they also 

11 
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assumed that the transmission efficiency t| is a function of the average length of filament 

that each stroking head can exert effects on, and on head density. The NND as determined 

by Toyoshima et al. [1990] implies that filaments have a large degree of freedom to 

change direction via a rapid lateral Brownian movement of their front end. Uyeda et al. 

[1990] introduced a so-called band model, assuming that the filaments do not have a large 

degree of freedom to move laterally so that the front ends move straight forward without 

lateral deviation due to Brownian movement. This band model assumes a random 

swivelling movement of myosin heads around the points where these are fixed to the 

surface, and takes into account the effective reach of heads. With these modifications, 

Uyeda et al. [1990] found a step size between 10 and 28 nm per molecule ATP 

hydrolysed. This range is within that of geometric constraint for conformational change 

imposed by the step size of the myosin head, and is therefore not inconsistent with the 

actomyosin ATPase cycle tightly coupled with ATP hydrolysis. 

A third approach to estimate the step size uses methylcellulose in the in vitro 

motility assay buffer, allowing observation of the movement of individual actin filaments 

on a small number of myosin molecules [Uyeda et al, 1991]. Frequency analysis of the 

observed velocities showed that sliding velocities distribute around integral multiples of a 

unitary velocity. This discreteness was thought to result from differences in the number of 

motors interacting with each actin filament, where the unitary velocity reflects the activity 

of one myosin head. When this unitary velocity is combined with the cycle time of the 

myosin ATP hydrolysis, another estimate of the step size can be obtained. This leads to a 

minimum step size of 5 nm for HMM, suggesting that if only one head is active, the step 

size would be 10 nm per ATP. However, this could be an underestimation due to the 

flexibility of actin filaments. The unitary velocity, characteristic of the sliding of an actin 

filament pulled by one HMM at its leading end, would be greater than the apparent 

unitary velocity obtained from movements of filaments interacting with HMM molecules 

at random positions along its length. However, if the buckling/straightening behaviour is 

assumed to be symmetric, the ideal unitary velocity must be less than twice the apparent 

unitary velocity and the step size must be doubled. Also, actin filaments that briefly 

diffuse away and stay out of reach of myosin heads, will make the turnover rate of 

myosin heads on sparsely coated surfaces slower than their maximum rate in solution. 

In conclusion, we can state that there is still no unique value for step size. 

Differences can be due to differences in experimental conditions, like ionic strength, 

12 
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temperature, procedure of protein isolation, myosin type or fragment used, head density, 

or mode of attachment. As mentioned above, the transmission efficiency can also be 

important and is possibly affected by curving actin filament paths, actin flexibility or by 

leading head effects (long versus short filaments). Both curving and flexibility of actin 

filaments can contribute to changes in time that a myosin head is strongly bound and to 

changes in ATPase cycle time, independently of each other. 

To date determination of step size is still a hot item, even if determination of the 

step size solves only part of the problem of how the energy is converted into work, i.e. 

how the ATPase reaction is coupled to the mechanical reaction during force generation. 

As can be understood from the methods described above, the unloaded velocity is 

certainly a very important parameter in the measurements in the in vitro motility assay. 

1.8 Aim of this thesis 

The ultimate goal of this project has been the development of a method, based on 

an in vitro motility assay in which actin filaments slide over a myosin-coated surface, to 

measure force-velocity relationships. With the development of a reliable method to 

impose an adjustable load to actin filaments in an in vitro motility assay the work 

performed by myosin heads on the filament level can be calculated from measurement of 

velocity. 

Therefore, the following accomplishments had to be made. The in vitro motility 

technique had to be introduced in the department of Physiology of the University of 

Amsterdam. Methods for isolation of myosin and actin from skeletal and heart muscle, 

for myosin fragmentation, myosin ATPase activity measurements, actin labelling, protein 

checks, and flow cell preparation, have been optimised. These methods and the used set

up are described in Chapter 2. 

For the analysis of actin filament velocity a new method, applicable at any frame 

rate, has been developed. This issue has been dealt with in Chapter 3. Next 

accomplishment was to reconstitute thin filaments from actin, troponin and tropomyosin. 

ATP induces movement of actin filaments independent of calcium concentration, whereas 

calcium and ATP regulate movement of thin filaments, like in vivo. With the above 

accomplishments the in vitro motility assay was used to perform unloaded experiments. 

13 
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Therefore issues of current research in our and collaborating groups1 were taken up and 

studied on the actomyosin-level. The direct effect of calcium antagonists on the calcium 

dependence of the actin-myosin interaction is described in Chapter 4, and the acute effect 

of the anti-cancer drug, doxorubicin, on the actin-myosin interaction is described in 

Chapter 5. 

The development of the technique to apply a load to an actin filament is described 

in Chapter 6. It comprises the attachment of magnetic beads to actin filaments, the design 

and calibration of an electromagnet and the application of a load to bead-tailed actin 

filaments. From a few orienting experiments data are presented and shortly discussed. 

1 Department of Physiology, University of Utrecht, The Netherlands 

14 
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In vitro motility assay 

2.1 From proteins to an in vitro motility assay 

2.1.1 Protein preparations 

For experiments with skeletal muscle myosin and actin, the M. erector spinae was 

excised from a male New Zealand White rabbit. For experiments with cardiac muscle 

myosin, hearts were excised from five 6-week-old male Wistar rats. 

Skeletal muscle myosin was prepared according to the method of Margossian and 

Lowey [1982] and cardiac muscle myosin was prepared according to the method 

described by Sata et al [1993]. Heavy meromyosin (HMM) was prepared by chymotryptic 

digestion of myosin according to Kron et al [1991]. Myosin was stored at -25 °C in 50% 

7V glycerol or quickly frozen in liquid nitrogen and stored at -80 °C. HMM was stored at 

-80 °C after quick freezing in liquid nitrogen. ATPase activities were measured using the 

malachite green assay according to Kodama et al [1986]. 

Globular actin (G-actin) was prepared according to the procedure of Pardee and 

Spudich [1982] and stored at -80 °C after quick freezing in liquid nitrogen. In presence of 

KCl (50 mM) and ATP (1 mM) G-actin was polymerised to filamentous actin (F-actin) 

during 3 hours on ice. 

For visualisation by fluorescence microscopy, F-actin (2 uM) was labelled with 4 

uM RhPh (rhodamine-phalloidin) [Kron et al, 1991] in AB-buffer (see Solutions). 

Reconstitution of thin filaments from (labelled) actin, tropomyosin and troponin was done 

by mixing the proteins at concentration of respectively 400, 100 and 80 nM in a modified 

regulated filament buffer (98.5 mM KCl, 10 mM MOPS, 6 mM MgCl2, 1 mM EDTA and 

5 mM dithiothreitol (DTT), pH 7.4 and ionic strength 125 mM) [Gordon et al, 1997]. 

More details about animals used and protein isolations are described in the 

'Materials and Methods'-sections of Chapter 3, 4, and 5. 

Protein concentrations were measured by absorption spectroscopy or by using a 

protein assay (Bio-Rad). The molecular masses and extinction coefficients used for 

myosin were 520 kDa and 0.55 (mg/ml)'1 cm"1 and for HMM 260 kDa and 

0.60 (mg/ml)"1 cm"1, both at 280 nm. The molecular mass and extinction coefficient used 

for actin were respectively 42 kDa and 0.62 (mg/ml)_1cnf ' at 290 nm. Myosin, HMM, 

and all other protein preparations were also analysed by sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE). A typical example of a SDS-gel is 

shown in figure 2.1. 
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Figure 2.1, SDS-gel (gradient: 4-15%) showing in lane 1: actin, lane 2: 
tropomyosin, lane 3: troponin (T, I, and C), lane 4: broad-range-marker, lane 5: 
rat heart muscle myosin with light chains, lane 6: rabbit skeletal muscle HMM 
with light chains, and lane 7: rabbit skeletal muscle myosin with light chains. The 
broad-range marker consists of myosin, ß-galactosidase, Phosphorylase b, serum 
albumin, ovalbumin, carbonic anhydrase, trypsin inhibitor, lysozym and 
aprotinin with molecular masses of respectively 200, 116.3, 97.4, 66.2, 45, 31, 
21.5, 14.4, and 6.5 kDa given by BioRad. 

2.1.2 Solutions [Kron et al, 1991] 

Motility assays were carried out either with actin filaments (unregulated) or with 

thin filaments (regulated) diluted in AB-buffer (pH 7.4, ionic strength 50 mM and pCa 

10). The ionic strength was adjusted by adding KCl. Before use 35 U/ml Creatine Kinase 

(Boehringer Mannheim, Germany) was added to AB-buffer. 

Movement of F-actin was induced by AB-buffer containing 2 mM MgATP and 

variable calcium concentrations. Appropriate amounts of CaCl2 were added to obtain 

pCa's between 10 and 4, while maintaining the ionic strength. Scavenger solutions were 

used to minimise photooxidation and photobleaching [Kishino and Yanagida, 1988]. 

A computer program based on data of Fabiato and Fabiato [1979] was used to 

calculate the composition of the solutions so as to maintain ionic strength. 

More details about the solutions are described in the 'Materials and Methods'-

sections of Chapter 3, 4, and 5. 
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2.1.3 Slide preparation 

The surface to which the myosin units are attached plays an important role in 

determining the velocity in the assay. The exact nature of the contact of the myosin with 

the surface is largely uncharacterised. The connection must be flexible to allow the 

myosin to reach the actin filament in the solution above and yet have enough resistance so 

that the force generated by the actomyosin motor can be transferred to the substratum. 

Also the myosin-coated surface must be prepared so that most of the actin and thin 

filaments will move at nearly the same sliding velocity as that of thin filaments in muscle 

during maximum shortening at zero load. And myosin has to be bound to the surface with 

its activity unchanged [Harada et al, 1990]. 

Very clean glass, nitrocellulose-covered surfaces, siliconised, and lysine-coated 

surfaces have all been used to observe myosin-induced motility. For the experiments 

reported in this thesis, nitrocellulose-coated surfaces were selected, because these 

surfaces give good quality of movement and are easy to prepare. Nitrocellulose-films 

were created by placing two drops of 1% NC in high purity amyl acetate on a (cool 

distilled) water surface in a round flat jar with a diameter of 10 cm. Cover slips were 

placed onto the film and excess film was removed by forceps. Another quick and easy 

method used is to put a drop of 0.1%-nitrocellulose solution on a cover slip and spread it 

out with the tip of a Pasteur pipette [Kron et al, 1991]. Yanagida and co-workers [Harada 

et al, 1987, 1990] have used primarily silicon-treated surfaces. Since the silicone-treated 

surface is hydrophobic, the hydrophobic part of myosin (light meromyosin) is probably 

bound to it by a hydrophobic interaction. Warrick et al [1993] examined a large number 

of siliconising reagents and found them unsatisfactory, producing very variable and poor 

movement with the exception of dichlorodimethylsilane (DowCorning, Z1219). The 

cover slips were prepared by dipping them in a freshly prepared solution of 2% 

dichlorodimethylsilane in chloroform for a few seconds and then allowing them to dry 

completely before use. The binding between lysin-coated surfaces and myosin is based on 

ionic interactions. Ohichi et al [1993] showed that on a lysine-coated surface covered 

with HMM and SI actin filaments moved with similar velocity as compared to the 

movement on nitrocellulose surfaces. Best results have been obtained with cover slips 

cleaned with ethanol. These cover slips were placed onto a drop of 0.4 mg/ml poly-L-

lysine (MW 20.5 kDa) in lOmM TrisHCl pH 8.0 for 30 minutes and then washed with 

distilled water and extensively dried. 
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Electron microscopy and atomic fore microscopy were used to characterise the 

attachment of myosin to the coated glass surface, and of actin to myosin. Electron 

microscope images performed by Jan van Marie (Department of Advanced Electron 

Microscopy, University of Amsterdam, AMC, The Netherlands) were obtained by 

negative staining of HMM molecules using uranyl acetate. With low density of HMM the 

individual molecules could be seen. At high, saturating density, the surface looks 

homogeneously covered with HMM. When actin filaments were added to the HMM-

saturated surface they seemed to have disappeared, whereas they were clearly seen at 

non-saturated density. Therefore, actin filaments were likely not to slide over the tip of 

heads on the surface but to move with their sides surrounded by the heads, as was already 

proposed by Harada et al [1990]. This is schematically shown in figure 2.2a. 

A typical result of low density of myosin on a nitrocellulose-coated copper grid is 

shown in figure 2.2b. Also atomic force has been used to study the structure of rabbit 

skeletal muscle myosin [Hallett et al, 1995]. A typical result obtained with atomic force 

microscopy (AFM) in co-operation with John van Noort (Faculty of Applied Physics, 

University of Twente, The Netherlands) of low density HMM molecules and F-actin on a 

nitrocellulose coated glass surface is shown in figure 2.2c. A single HMM molecule on a 

nitrocellulose coated mica surface obtained with atomic force microscopy (AFM) in 

cooperation with Jim Flach (This Scientific, Sliedrecht, The Netherlands) is shown in 

figure 2.2d. 

Figure 2.2a. Schematic drawing of possible interaction between myosin and actin 
filament (redrawn from Harada et al. [1990]). 

Figure 2.2b. Electron microscope image (120 x 90 nm) of HMM molecule on a 
nitrocellulose-coated copper grid. 
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Figure 2.2c. Atomic force 
microscope image (2x2 /jm) of 
HMM molecules and an actin 
filament on nitrocellulose-
coated mica. 

Figure 2.2d. Atomic force 
microscope image (500 x 500 
nm) of a HMM molecule on a 
nitrocellulose-coated cover slip. 

The construction and filling procedure of a flow cell are described in detail in 

Chapter 3, 4, and 5. A schematic drawing of the flow cell is shown in figure 2.3. 

actin filament 

myosin 

W*®®tô& .rfS£sb 

nitrocellulose-coated coverslip 

Figure 2.3. Schematic drawing ofmyosin-actin interaction on coated cover slip. 

2.1.4 Unloaded experiments 

Unloaded velocity. As described in Chapter 1 unloaded velocity is an important 

parameter in studying muscle contraction. At different laboratories different velocities 

have been found for preparations that seemed equal at first sight. The question arose if 

unloaded velocity is really unloaded. Unloaded velocity in our in vitro motility assay is 

the velocity of actin filaments that are allowed to move freely over myosin molecules. 

This velocity is the result of equilibrium between driving force and friction, both internal 

forces. However, if an external force, probably a friction or drag, acts on the proteins, the 

measured velocity is no longer unloaded. 
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Haeberle and Hemric [1995] have found evidence that photo-illumination of flow 

cells results in a mechanical load by oxidation of myosin, which reduces interaction rate 

of actin and myosin. The extent of this mechanical loading is dependent on a number of 

experimental conditions including oxygen content of buffers, intensity of illumination, 

concentration of reducing agent in motility buffers, concentration of other proteins in 

motility buffers, duration of illumination, flow cell temperature, oxidation state of 

proteins when added to buffers, and concentration of the individual components of any 

oxygen scavenger systems and the type of oxygen scavenger used. They proposed a 

much-simplified motility buffer, containing no oxygen scavenger system, high 

concentrations of DTT (10-100 mM), and a carrier protein (1-5 mM BSA). And if used in 

conjunction with reduced illumination and digital image processing, this buffer would 

essentially eliminate photobleaching, illumination-dependent protein oxidation and 

myosin-dependent mechanical loading [Haeberle and Hemric, 1995]. In addition, the 

coating of the cover slips, or the orientation of the myosin with respect to actin can be 

sources of load. 

Actin filament movement. The rate of movement of actin filaments is largely 

independent of the density of myosin heads bound to the surface. According to 

Toyoshima et al. [1990] a change of HMM concentration of 5 till 50 (a.g/ml has no effect 

on the sliding velocity. Harris et al. [1993] showed that at a myosin concentration of 100 

Hg/ml, where there were 50 or more heads available per filament, the sliding velocity was 

maximal. This means that, over a wide range of myosin concentrations introduced into 

the flow cell, the velocity is constant. At very low myosin density however, the rate of 

movement of actin filaments does decrease dramatically as the density is lowered further. 

This observation was exploited by Uyeda et al. [1991] in an attempt to determine the 

distance that myosin translocates an actin filament per ATP hydrolysed (see Chapter 1). 

The rate of movement is not dependent on the length of actin filaments [Toyoshima et al., 

1989; Morel & Bachouchi, 1990; Harada et al, 1990; Takiguchi et al, 1990]. The 

direction of movement of an actin filament is determined by the inherent polarity of the 

actin filaments (Chapter 1) [Takiguchi et al, 1990; Harada et al, 1990]. 

Each myosin isoform has its own characteristic rate of translocation of actin 

filaments. Reported actin translocation rates measured under the same ionic conditions for 

various myosins, vary widely, ranging from 0.04 um/s for brush border myosin I or 

phosphorylated human platelet myosin II in the absence of tropomyosin to a high value of 
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about 6um/s for native clam thick filaments. Table 2.1 shows actin filament velocities for 

different myosin (sub)fragments from rabbit cardiac and skeletal muscle. 

vo (um/s) ± s.d. [reference] 

Rabbit cardiac muscle myosin molecules 0.51 

Chymotryptic SI 0.37 

[Margossian etal., 1991] 

[Margossianeia/., 1991] 

Rabbit skeletal muscle myosin molecules 3.9 ± 0.8 

myosin filaments 3.5 ± 0.6 

Chymotryptic HMM 4.6 ± 0.4 

Tryptic HMM 7.5 ±1.1 

Papain Mg2 +SI 

Papain EDTA SI 

Chymotryptic SI 

1.8 

1.7 ±0.4 

0.91 ± 0.28 

[Toyoshima etal, 

[Toyoshima et al., 

[Toyoshima et al., 

[Toyoshima et al., 

[Toyoshima et al., 

[Toyoshima et al., 

[Toyoshima et al., 

1987] 

1987] 

1987] 

1987] 

1987] 

1987] 

1987] 

Table 2.1. Actin filament velocities for rabbit skeletal and cardiac muscle at 
30 V. 

Effect of biochemical conditions. The rate at which any given myosin translocates actin 

filaments is a function of the ionic conditions, pH and temperature of the assay, as shown 

in figure 2.4 and 2.5. 
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Figure 2.4. Effect of pH on filament velocity. Data are redrawn from Homsher et 
al. [1992]. Filament velocity at pH 7.35 was assigned value of 1.0 and the 
filament velocity observed at different pH was expressed relative to this value. 
Line is a 3rd-order best-fit polynomial. 
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10 20 30 40 50 

Ionic strength (mM) 

Figure 2.5. Effect of ionic strength and temperature on actin filament velocity 
produced by chymotryptic HMM. Values are given as means ± SD. Each data 
point is average of 6-63 filaments. Lines through data points are 2nd-order 
polynomial least-square fits to data. Data are redrawn from Homsher et al. 
[1992]. 

The velocity of the travelling actin filaments depends strongly on the free 

adenosine triphosphate (ATP) concentration; below 2-4 uM ATP, filament movement is 

abolished. However, after a brief exposure to 1 mM ATP, actin filament motility persists 

down to nanomolar ATP concentrations [Kellermayer and Pollack, 1996]. 

Addition of MgADP decreased the velocity of actin filaments on both cardiac and 

skeletal myosins in the in vitro motility assay system. Experiments on HMM at 25°C and 

50mM ionic strength have shown that ImM MgADP inhibits the unloaded velocity to 

half of its value. A cross-bridge model in which MgADP competes with MgATP for the 

substrate site on myosin can explain the inhibition of the velocity by MgADP. MgADP 

may be a modulator of muscle contraction, acting as a competitive inhibitor of cross-

bridge detachment [Yamashita et al, 1994; Homsher et al, 1992]. 

Myosin. The isolated head fragment, subfragment-1 (SI), contains the ATPase 

and actin-binding activities of myosin. Hynes et al. [1987] showed that beads coated with 

heavy meromyosin (HMM) can move on Nitella actin filaments. Using the myosin-coated 

surface assay of Kron and Spudich [1986], Harada et al. [1987] and Toyoshima et al. 

[1987] showed that single-headed myosin filaments bound to glass support movement of 

actin at nearly the same velocity as intact myosin filaments. These studies show that the 

terminal portion of the rod and the two-headed nature of myosin are not required for 

movement. Because myosin-Sl is sufficient to move actin filaments in vitro this work 
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supports the idea that the site of active movement in muscle is within the myosin head. 

The in vitro rates of movement directed by SI and HMM were 1-2 um/s and 7 um/s 

respectively [Toyoshima et ai, 1987]. In contrast, the maximum actin-activated ATPase 

activity of these preparations of SI and HMM were equal. Therefore, the difference in the 

rates of movement directed by SI and HMM in this assay cannot be explained by 

differences in the turnover rates of ATP. One possible explanation for the faster rate of 

movement of HMM than SI is that a double-headed myosin fragment is inherently better 

at producing movement than a single-headed fragment. However, Toyoshima et al. 

[1987] also showed that nearly homogeneous single-headed HMM supported the sliding 

movement of actin filaments at a velocity higher than HMM or myosin. Harada et al. 

[1987] suggest that the double-headed structure of myosin may be important for 

generating a large force with high efficiency, by increasing affinity of myosin for actin. 

But co-operative interaction between the two heads is not essential for inducing the 

sliding movement. 

The different rates of movement of actin filaments on SI and HMM could also be 

caused by a difference in attachment of these molecules to the nitrocellulose surface. 

HMM may bind to the nitrocellulose via its S2 portion, allowing a productive interaction 

of many of the heads with actin. SI may not bind to nitrocellulose with such a favourable 

orientation; some of the S1 can bind to actin but may not be able to move, causing a 

restraining force. The resulting balance of forces could result in the relatively slower rate 

of movement of SI. In experiments of Winkelmann et al. [1995] in which the mode of 

attachment is studied, fast skeletal muscle myosin monomers were bound to the surface 

through specific interaction with monoclonal antibodies. Each of these antibodies 

produced a stable myosin coated surface that supported uniform motion of actin over 

several hours. Attachment of myosin through the anti-S2 and anti-LMM monoclonal 

antibodies yielded a significantly higher velocity (10um/s at 30 °C) than attachment 

through anti-LC2 (4-5um/s at 30 °C). For each antibody, a characteristic value of the 

myosin density for the onset of F-actin motion and a second critical density to reach 

maximum velocity were observed. The specific mode of attachment influenced the 

velocity of actin filaments and the characteristic surface density needed to support 

movement. The precise mode of myosin attachment influenced motion in two ways: the 

average velocity is reduced when the myosin heads are too close to the supporting 

surface, and the myosin density for the onset of actin filament motion is dependent on the 
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flexibility of attachment. The best overall motion was achieved when the mode of 

attachment most closely approximates that of myosin in muscle thick filaments, i.e., 

tethered through the anti-S2 monoclonal antibody with much of the S2 region of the rod 

free. 

The productive interaction of actin and myosin is considered to be the result of a 

specific binding of the myosin head to actin. In this assay, continuous, directional actin 

movement occurs despite a random orientation of the myosin fragments on the surface, 

which implies that there must be torsional freedom within the actin-myosin system. Actin 

filaments are known to have considerable flexibility [Thomas et al, 1979; Egelman et al, 

1982; Yanagida et al, 1984]. Flexibility about the S1/S2 junction of myosin allows 

freedom of rotation of the myosin heads [Mendelson et al, 1973; Thomas et al, 1975], 

and HMM-directed movement might be facilitated by rotational freedom at this site. 

Toyoshima et al [1987] demonstrated that SI can direct actin sliding movement while it 

is bound to a solid support. Several reports have shown that the heads of isolated myosin 

molecules are capable of large rotational movements about the sub fragment-1 2 junction 

[Winkelmann and Lowey, 1986; Craig et al, 1980]. Similar observations have been made 

on myosin heads projecting from myosin filaments [Walker and Trinick, 1986, 1988]. 

Reedy et al. [1989] used mutated Drosophila flight muscle, in which peripheral thick and 

thin filaments are disarranged, and showed that myosin heads can bind with opposite 

rigor cross-bridges angles to flanking actin filaments. Toyoshima et al [1989] described 

bi-directional movement of actin filaments along tracks of myosin heads, created by 

binding actin filaments, saturated with skeletal muscle HMM, to the surface of a cover 

slip. In addition, myofibrillar Mg2+ATPase activity did not decrease at short sarcomere 

length, suggesting that actin of the opposite polarity can activate the Mg2+ATPase activity 

of myosin [Stephenson et al, 1989]. Sellers et al. [1991] proposed a model in which the 

heads of myosin have considerable rotational flexibility. The direction of movement is 

determined by the polarity of actin and myosin heads can rotate perhaps 180° in order to 

interact with actin. Also actin filaments can move in both directions on tracks of heavy 

meromyosin made on a nitrocellulose surface, and, furthermore, along native thick 

filaments passing over their central bare zone. These observations indicate that the 

myosin molecule has a considerable flexibility in interacting with actin filaments. No 

difference in velocity of actin filaments travelling towards and from the central bare zone 
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of the native thick filament of crayfish claw muscles (Crustacean skeletal muscles) could 

be found [Toyoshima, Y.Y., 1991], 

Lowey et al. [1993] showed that light chains from skeletal muscle myosin are not 

essential for enzymatic activity, but that light-chain/heavy-chain interactions play an 

important part in the conversion of chemical energy into movement. They measured a six

fold decrease in actin filament velocity for myosin without the alkali light chain (ALC), 

and a decrease up to ten-fold for removal of both classes of light chains. 

In summary, buffer conditions, mode of attachment, myosin(-fragment) used, and 

light chain composition are all important in determining the 'true' unloaded velocity. 

2.1.5 Loaded experiments 

So far the in vitro motility assay enables us to measure unloaded velocity. To be 

able to determine force-velocity relationships we need to apply force. Therefor we 

developed a technique based on magnetic forces. The reasons why we developed a new 

technique next to the already existent force-applying techniques and the details about this 

technique are described in Chapter 6. To be able to exert force on an actin filament with 

an electromagnet we needed to attach a kind of handle to the actin filaments. Therefore 

we used magnetic beads. 

Details about coating of these beads and further use are described in Chapter 6. A 

schematic drawing of a flow cell as used for loaded experiments is shown in figure 2.6. 

optical 
trap 

magnetic bead 

actin filament 

myosin 

nitrocellulose-coated coverslip 

Figure 2.6. Schematic drawing of myosin-actin interaction on coated cover slip. 
Actin is attached to a (magnetic) bead held in an optical trap. 
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2.2 Set up 

2.2.1 Microscope 

A schematic drawing of the set up is shown in figure 2.7. Actin filaments were 

observed through an inverted microscope (Nikon Diaphot 300) equipped with a HglOOW 

lamp and a Nikon fluorescence filter set (Omega Optical XF37: Xexc, = 546 nm, beam 

splitter 560 nm, ^em. = 570 nm). Actin filaments were imaged with an intensified CCD 

camera (Photonic Science Limited Darkstar). The standard PAL video signal from the 

camera, together with time/date/title signal (Blaupunkt), was recorded on an S-VHS video 

recorder (VCR model GV 470 S VPT Grundig) for off-line analysis. Actin filament 

velocity was calculated using a home written program (ActinFil), described in detail in 

Chapter 3. 

InfraRed 
laser light 

1064nm 
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microscope table 

fluorescence 
emission 
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intensified _ 
CCD camera 

7 
Figure 2.7. Schematic drawing of set up. 
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The optical trap, used to bind beads to actin filaments, consists of a 1 W 1064 nm 

NdYAG-laser (Uniphase), coupled into a fibre (single mode, with a diameter of 4um), 

focussed through a microscope objective (40x, N.A. 0.65), resulting in a spot of 1-2 |jm. 

Theoretical background information on optical traps is given in the next paragraph. The 

electromagnet, for convenience shown as two squares marked with N and S in figure 2.7, 

is used to apply forces to actin filaments. Chapter 6 describes the electromagnet in detail. 

2.2.2 Optical trap 

Ashkin et al. [1986] realised trapping of atoms and molecules with one laser beam 

with the advent of the single-beam gradient force optical trap. A force is imparted to a 

reflecting or absorbing surface in a vacuum when it is hit by a flux of photons. The 

change in momentum of a single photon upon absorption is Ap = h/X, the Broglie relation, 

where h is Planck's constant and X is the wavelength. For a beam of light of a fixed power 

level, P, the force produced by the flux is given by P/c, where c is the speed of light. The 

force is 2P/c in the case of reflected light, since the change in photon momentum is 

double for a reflected beam. This force is called the scattering force that occurs when 

light bounces off an object. Scattering forces tend to push objects along the direction of 

the beam. Optical traps however work by 'radiation pressure'. The gradient force trap, as 

the name implies, derives its trapping power from a spatial gradient in light intensity, 

which needs not to point along the direction of the beam. The gradient force can be 

explained in two complementary ways, by electric field gradients and induced electric 

dipoles, and by ray tracing. 

We will confine ourselves to the explanation by electric field gradients and 

induced electric dipoles: When light, which is a high-frequency electromagnetic 

oscillation, passes through a dielectric material, the time-varying electric field vector 

polarises the medium, inducing a set of fluctuating dipoles. The induced dipoles of the 

material are fixed in the object itself, which thereby experiences a force in the direction of 

the light gradient. The strength of the induced dipole moment, p, however depends on the 

polarisability, a, of the medium (which is related to its refractive index, n) and on the 

strength of the field, introducing another power of E into the field dependence. It can be 

shown that for a Rayleigh particle (a particle with dimensions much smaller than the 

31 



Chapter 2 

wavelength of light) of radius r and refractive index n, immersed in a medium of 

refractive index nt,, the gradient force is given by: 

Fgrad =-(a/2) • VE2, (2.1) 

where a, the polarisability, equals r3nb
2{(n2-l)/(n2+2)}. So particles that find themselves 

in a light gradient will experience a force pulling them towards a point where the light is 

brightest, for example, up into a focus. However, in addition to this gradient force, there 

is a scattering force, pointing along the beam direction, arising from light that is absorbed 

or reflected. For a non-absorbing Rayleigh particle, the scattering force is given by PSCat/c, 

where Pscat is the scattered power. Tiny particles scatter light in inverse proportion to the 

fourth power of the wavelength X. The exact expression is 

i,i28„yU(„2-i}1 ,22) 

where Io, the light intensity, is proportional to E2. 

Fscat and Fgrad depend in different ways on n, rib, and r, and Fscat depends on the 

square of the field while Fg,-ad depends on the square of the gradient of the field. For tiny 

particles, and for a sufficiently large ratio (VE2)/(E2), a region exists where -F^d is 

everywhere greater than Fscat. This is the trapping zone. This region occurs near the waist 

of a highly convergent beam, e.g., near the focus of an objective of high numerical 

aperture. The balance between scattering and gradient forces dictates the range of particle 

sizes that can be successfully trapped. 

Block et al. [1990] gives a rough limit for the trapping force based on experiment 

of F ~ 0.03(nbP/c) for a micron-sized sphere trapped by an infrared laser, i.e. about 3% of 

the equivalent photon pressure on an absorbing surface. The question of optical damage 

arises. Optical traps work by virtue of the fact that trapped particles refract light, and not 

because they absorb or reflect it. Too much absorption can lead to excessive heating and 

in the end to destruction of the material. For an irradiated sphere immersed in water, the 

equation for thermal conduction is 

3P 
AT = - , (2.3) 

%7VK r 

where r is the radius, K is the thermal conductivity of water, and P is the power delivered 

to the sphere. One microwatt of absorbed power for a sphere of 1 urn in diameter, at 25°C 

(K = 0.6071 W/Km) will only raise the temperature ~ 1°C at steady state. 

The optical trap used in our set up is described in the former paragraph. 
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Chapter 3 

ABSTRACT 

The in vitro motility assay is used to measure speed1 of actin filaments moving 

over a glass surface coated with HMM. In this paper a new method, the path 

reconstruction method, is presented to evaluate observed speeds. This method is 

compared with the commonly used centroid method, in which the centroids of the 

filaments are followed from frame to frame. Instead, in the path reconstruction method 

speed is evaluated from determination of perimeters of the filaments in each frame and by 

reconstruction of the traversed paths of the filaments over a number of frames. In the path 

reconstruction method, biases in the determination of speed occurring in the centroid 

method due to curvature of paths, video noise and Brownian motion are eliminated, 

allowing measurement over a range of frame rates from 5 up till 25 per second. The path 

reconstruction method results in a clear separation of motile and non-motile filaments 

provided that filaments are analysed over at least 10 successive frames and allows easier 

separation of uniform and non-uniform sliding behaviour. 

1 In this chapter the word speed is used instead of velocity to emphasise that the measured speed 

values are independent of direction. 
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INTRODUCTION 

The development of the motility assay by Kron and Spudich enables us to observe 

the movement of individual actin filaments labelled with rhodamine-phalloidin over a 

coated surface of immobilised myosin or heavy meromyosin [Kron and Spudich, 1986]. 

This assay allows greater control of the contractile protein composition and chemical 

environment than is possible in studies of whole or (demembranated) single fibres. 

Motion-generating events within the myosin molecule are believed to drive the actin 

filament movement in the in vitro motility assay. This forms the basis for several 

hypotheses concerning this molecular transduction process [Uyeda et al, 1991; Harada et 

al, 1990; Warshaw et al, 1990; Tawada and Sekimoto, 1991]. Recordings of the moving 

actin filaments may yield a very large amount of information about the force-producing 

mechanism. Specifically, actin filament speed may be used to estimate the interaction 

distance that a single myosin motor molecule induces the actin filament to travel per ATP 

hydrolysed [Uyeda et al, 1991; Harada et al, 1990]. Filament speed is assumed to be 

analogous to the unloaded shortening velocity measured in muscle fibre [Homsher et al, 

1992]. To reveal more about this underlying molecular transduction process it is 

important to determine the sliding speed of actin filaments derived from the actin-myosin 

interaction. To measure filament speed a number of methods for manual and automated 

tracking of filament movement have been devised [Homsher et al, 1996; Sheetz and 

Spudich, 1983; Sheetz et al, 1986; Gelles et al, 1988; Marston et al, 1996; Work and 

Warshaw, 1992]. 

In an in vitro motility assay not all detected motion is due to uniform sliding of 

actin filaments. Occasionally, filaments halt and resume their movement; a behaviour also 

described as hesitations. Buckling is a phenomenon in which smooth sliding of the 

filaments is alternated with periods in which one end of the filament (front or back) is 

moving somewhat faster than the other end. Also, filaments can (partially) wave due to 

not being properly connected to the myosin layer or because of the absence of a myosin 

monolayer. Brownian motion of the actin filaments and video system noise tend to 

influence the determination of speed. Besides, filaments may cross each other, which 

makes an automatic tracking procedure more difficult or even impossible. The 

movements of actin filaments mentioned above imply that tracking procedures require 

selection criteria for the analysis of actin filaments. 
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The methodology used to track actin filament motion itself can be a source of 

errors. 

Nowadays speed is usually determined by tracking the centroids of the projections 

of the filaments in successive video frames (from now on we will refer to it as the 

'centroid method') [Homsher et al, 1992]. Two difficulties arise with the centroid 

method. The first one is an underestimation of the speed when analysing filaments that 

follow a curved path [Work and Warshaw, 1992]. In this case their centroid is off the 

filament and, depending on the curvature and the total distance travelled with it, centroid 

speed will underestimate the filament speed. A second difficulty is that filaments, which 

do not slide, still show movement to some extent, due to Brownian motion or video noise. 

In absence of ATP, this so called non-motile filament speed is reported to increase with 

increasing frame rate and can lead to an overlap of speeds of non-motile and motile 

filaments at higher frame rate [Homsher et al, 1992], Non-motile filament speeds also 

occur when filaments halt their movement in the presence of ATP. 

An error, which can possibly occur during tracking of centroids, is crossover. 

Crossover can occur between filaments that are close to each other, when, for path 

reconstruction, one centroid is connected to the nearest centroid in the previous frame. 

This centroid can belong to another filament causing a 'jump' (crossover) to a 

neighbouring filament. 

In our lab, an alternative tracking method has been developed, in which perimeters 

of filaments are determined from frame to frame. Using these perimeters from successive 

frames, the overall path, which the filament has travelled, is reconstructed. We call this 

method the 'path reconstruction method'. 

In this paper we will compare the centroid method and the path reconstruction 

method. We will show that the path reconstruction method will reduce the overestimation 

of the non-motile speed and can therefore be used for measuring at higher frame rates. 

Furthermore, by using the path reconstruction method, the determination of speed is not 

sensitive to curving of filaments. Also, this method makes it easier to deal with crossing 

filaments, facilitates the detection of waving and buckling of actin filaments and prevents 

crossover during the analysis. 
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MATERIALS AND METHODS 

Protein preparations 

Myosin and heavy meromyosin (HMM) 

Skeletal muscle myosin was prepared according to the method of Margossian and 

Lowey [1982]. The M. erector spinae was excised from a New Zealand White rabbit, 

male, anaesthetised with Hypnorm (0.32 mg/ml fentanyl citrate and 10 mg/ml fluanisone, 

intramuscular; Janssen Pharmaceuticals, Tilburg, The Netherlands). Heavy meromyosin 

(HMM) was made according to Kron et al. [1991]. To inhibit TLCK-treated o> 

Chymotrypsin, PMSF or Bowman-Birk inhibitor was used. 

Myosin was stored at -25°C in 50% 7V glycerol or quickly frozen in liquid 

nitrogen and stored at -80°C. HMM was stored at -80°C after quick freezing in liquid 

nitrogen. Before use and after every 4 hours ATP-insensitive heads were removed from 

an aliquot of HMM as described by Kron et al. [1991]. For this purpose, F-actin was 

added to HMM in a 1:5 molar ratio and aliquot was centrifuged with 1 to 2 mM ATP for 

10 minutes at 167,000 x g in a Beekman Airfuge at 4°C. See also Slide Preparation. 

Actin 

Globular actin (G-actin) was prepared from the M. erector spinae from a New 

Zealand White rabbit, male, according to the procedure of Pardee and Spudich [1982] and 

stored at -80°C after quick freezing in liquid nitrogen. Polymerisation to filamentous actin 

(F-actin) was achieved by adding KCl (50mM) and ATP (ImM). 

F-actin (2(̂ M) was labelled with 4p.M RhPh (rhodamine-phalloidin) [Kron et ah, 

1991] in AB-buffer (see Solutions). 

Protein concentrations were measured by absorption spectroscopy or by using a 

protein assay (Bio-Rad). The molecular masses and extinction coefficients used to assay 

myosin, HMM and actin concentration were 520 kDa and 0.55 cm"1, 260 kDa and 0.60 

cm"1, and 42 kDa and 0.62 cm _1respectively. 

ATPase activities were measured using the malachite green assay according to 

Kodamae/a/. [1986]. 

Solutions [Kron et al, 1991] 

The standard solution is an AB-buffer with pH 7.4, an ionic strength of 50 mM 

and pCa 10. The AB-buffer contains 10 mM 3-(N-morpholino)propanesulfonic acid 
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(MOPS; Sigma Chemical Co., St. Louis, MO), 1 mM EGTA, 2 mM Mg2+, 2 mM Creatine 

Phosphate (Boehringer Mannheim, Germany) and 1 or 10 mM DTT. The ionic strength is 

adjusted by adding KCl. 

AB/ATP-buffer is an AB-buffer with 2 mM MgATP. Before use 35 U/ml Creatine 

Kinase (Boehringer Mannheim, Germany) is added to the AB-buffer. 

Scavenger solutions were used to minimise photo-oxidation and photo-bleaching. 

To achieve this, 3 mg/ml glucose, 10-25 U/ml glucose oxidase (Sigma Chemical Co., St. 

Louis, MO) and 200-500 U/ml catalase (Sigma Chemical Co., St. Louis, MO) were added 

to AB-buffers containing RhPh-F-actin (see Slide preparation for use of this buffer) and 

AB/ATP-buffers. 

A computer program based on data of Fabiato and Fabiato [1979] was used to 

calculate the composition of the solutions so as to maintain ionic strength. 

Slide preparation 

Flow cells were constructed from a no.l cover slip (24x40mm), two spacers (each 

3x24mm) stuck together with grease and a top cover slip (24x24mm). Cover slips were 

coated with a thin layer of nitrocellulose freshly diluted to 1% and used the same day 

(Kron et al, 1991). The total chamber volume was typically 100 (il. First, 100-200 ug/ml 

of HMM was added for 1 minute, followed by AB with 10 mM bovine serum albumin 

(BSA) for 1 minute to block non-specific protein binding. After exposing the chamber to 

AB containing 0.02 uM unlabelled F-actin for 1 minute the chamber was washed with 

respectively AB containing 2 mM MgATP and two times AB with 10 mM BSA. This 

procedure uses unlabelled F-actin to block ATP-insensitive heads on HMM that either 

were not removed by centrifugation (see Myosin and Heavy Meromyosin Preparation) or 

were formed when HMM binds to the nitrocellulose surface [Kron et al, 1991; Sellers et 

al, 1993]. RhPh-F-actin (0.02 uM) in AB-buffer was added and washed with AB 

containing the scavenger solutions after 1 minute. Finally, the slide was transferred to the 

microscope stage. Adding the AB/ATP solution will induce the movement of the actin 

filaments. All measurements have been performed at 22°C. 

Recording 

Actin filaments were observed through an inverted microscope (Nikon Diaphot 

300) equipped with a HglOOW lamp and a Nikon fluorescence filter set (Omega Optical 
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XF37; Xexc. = 546nm, beam splitter 560nm, A,em = 570nm). Actin filaments were imaged 

with an intensified CCD camera (Photonic Science Limited Darkstar). The standard PAL 

video signal from the camera, together with time/date/title signal (Blaupunkt) was 

recorded on an S-VHS video recorder (VCR model GV 470 S VPT Grundig) for off-line 

analysis. 

Digitisation 

To digitise the recorded images the video signal from the video recorder was fed 

into the S-VHS input of the standard video device (VINO) of a Silicon Graphics Indy 

workstation. Digitisation was controlled by a program (GetXgray), written by one of us 

(JGZ), allowing to set sampling parameters such as number of frames to convert, frame 

rate (frames/s) and to store data in files for further analysis. This resulted in frames of 768 

pixels wide by 576 pixels tall with pixel intensity values ranging from 0 to 255. The 

spatial resolution of the recording system was 123 nm/pixel using a 60x objective (Nikon 

PlanApo,N.A. = 1.40il). 

Analysis 

To calculate the speeds of the actin filaments, the output files of GetXgray were 

analysed with the program ActinFil. ActinFil was written (JGZ) for use on a Silicon 

Graphics Indy workstation running the IRIX 5.3 operating system. The program has an 

X-Windows user interface to display the images and to interactively set parameters. 

Parameters were threshold, range of frames (length of sequence) to be analysed and 

minimum filament size. The program allows to edit the image e.g. to delete pixels and 

filaments (to separate crossing filaments or to measure in 'crowded' regions respectively), 

and to measure background within a region of interest. Also, the selected range of frames 

could be played back as a movie. Frames could either be analysed using the complete 

image, or by dragging a rectangular area in the image with the computer mouse, a region 

of interest could be selected. Next to the original video frame a black and white image 

was shown, reflecting the threshold setting. After setting both the range of frames to be 

analysed, the threshold (usually 10-20 pixel intensity values above the maximal 

background intensity value measured in the first frame), the minimal filament size 

(typically 15 pixels) and the region of interest in which to track filaments, ActinFil would 

proceed to analyse the pre-set range of frames frame by frame. The tracking procedure is 
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described in more detail in Appendix I. In this section an overview of the procedure will 

be given. 

The main feature of ActinFil is that frame to frame displacement and speed of the 

actin filaments are determined during reconstruction of the paths travelled by the actin 

filaments. Path reconstruction was accomplished by superposition of successive frames, 

revealing the tracks of the filaments. In the first frame each filament was labelled with a 

unique number. To completely restore the filament paths, the filaments had to overlap in 

successive frames. Additionally, this helped to avoid crossover by searching for an 

overlap between already labelled filaments in the overlay image (ImNew) and the not-yet-

labelled filaments in the next frame that had to be superimposed on the overlay image. 

When an overlap was found, the filament was added to the existing path by labelling it 

with the same number. The perimeter of each filament was calculated in each frame while 

creating the contour of the filament and in ImNew after each superposition. With these 

perimeters, frame to frame displacements and speed are calculated. 

ActinFil also allowed determination of centroid displacement and speed by 

following the centroid from frame to frame. 

Total tracking procedure takes about 3 to 4 seconds per frame analysed. ActinFil 

gives the output of displacement and speed in pixels and pixels per second respectively. 

The output file is transferred into a spreadsheet in which these values are turned into SI 

units using the known pixelsize (sPiX). 

Selection of filaments 

The ActinFil program rejects filaments from analysis when no overlap can be 

found between adjacent frames and when filaments are smaller than the minimum 

filament size given. Crossover to a neighbouring filament during filament tracking, which 

can occur when connecting centroids for path reconstruction, is avoided because the 

program looks for an overlap area between perimeters of a filament in successive frames 

before path reconstruction. See also paragraph Analysis in Material and Methods. 

Since the perimeter of a filament is measured in every frame, the value of the 

standard deviation (SD) of the perimeter divided by the average perimeter over the frames 

analysed, gives information about filaments that show waving and buckling and about 

filaments that cross each other. This relative SD of the perimeter will be further denoted 

as SD/mean perimeter. In addition, crossing filaments are recognised by the sudden 

increase of the perimeter of one filament and from the disappearance of the perimeter of 
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the other filament. Excessive local broadening of reconstructed paths of filaments is an 

extra indication that a filament showed waving and that one part of the filament was not 

attached to the surface. Filaments showing one of these kinds of non-uniform sliding, 

hesitations included, have been separated from the uniformly sliding filaments. Only 

uniformly sliding filaments have been used for further analysis. 

RESULTS 

Centroid method versus path reconstruction method 

To compare the accuracy of the computer-assisted tracking by centroid method 

with the path reconstruction method, we analysed the same data with both methods. 

Figure 3.1 shows a speed distribution of actin filaments sliding over HMM on a coated 

glass surface analysed using both the centroid method and the path reconstruction 

method. The data is analysed at 5 frames/s. For each method the distribution clearly 

consists of two populations of speeds, of which the populations with lower speeds 

correspond to the non-motile filaments in the data set. To estimate average speed of the 

two populations individually, the separation between non-motile and motile filaments was 

set at 1.5 nm/s, the minimum in figure 3.1. The average speeds obtained in this way with 

both methods are listed in table 3.1. 

150 
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Figure 3.1. Speed histogram of actin filaments sliding over HMM on a coated 

glass surface, analysed with the path reconstruction method (*) and with the 

centroid method (o). The data set, resulting from at least 5 areas of each of the 3 

assays used, was analysed at 5 frames/s using both methods. 
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The inset in figure 3.1 shows the SD/mean perimeter distribution of this data set. 

For further explanation of SD/mean perimeter, see the paragraph Selection of filaments in 

Materials and Methods. A detailed survey of speed distributions using the speed values in 

different categories of this SD/mean perimeter values has learned that there is no effect on 

the shape of the speed distributions for speed values with SD/mean perimeter values 

between 0 and 40%. Filament speeds with an SD/mean perimeter value over 40% 

contribute to a total speed distribution, which is broadened, and show a less clear 

minimum between non-motile and motile filament speeds. Detailed observations of 

filaments with SD/mean >40% learned that these filaments indeed showed buckling or 

waving or crossed each other. A selection criterion of an SD/mean perimeter smaller than 

40% prevents biases of the speeds due to buckling and waving and rejects crossing 

filaments from further analysis. 

Effect of selection criteria and number of frames analysed 

The selection criterion, involving a SD/mean perimeter of less than 40%, was 

applied to the data of figure 3.1. Removal of filaments showing excessive behaviour in 

this way resulted in the speed histogram shown in figure 3.2A. 

Speeds of filaments were analysed from sequences of frames of different length 

taken by means of random selection. Figure 3.2B shows the speed histogram for speeds 

analysed from sequences of at least 10 successive frames, whereas figure 3.2C shows the 

speed histogram for speeds analysed from sequences shorter than 10 successive frames. 

Some of these sequences used for figure 3.2C might be part of a sequence used in figure 

3.2B. In figure 3.2C the speed distribution, especially where the non-motile filaments are 

concerned, is shifted to the right compared to the speed distribution in figure 3.2B. This 

can be explained by an effect of lateral movement contributing to the overall speed. For 

the path reconstruction method this shift to the right disappears when a minimum of 10 

frames is used (see figure 3.2B and conclusion and discussion). For the centroid method 

lateral movement contributes to the overall speed independent of the number of frames 

analysed. The average speeds are listed in table 3.1. 
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Figure 3.2. Speed histogram of actin filaments sliding over HMM on a coated 
glass surface, analysed at 5 frames/s with the path reconstruction method (*) and 
with the centroid method (o). A. The same data set is shown as used for figure 
3.1, but data with a SD/mean perimeter>40% have been omitted. B. As in figure 
2A but only for sequences of at least 10 frames. C. As in figure 2A but only for 
sequences shorter than 10 frames. 
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Actin filament speed in relation to frame rate 

Analysis at maximum frame rate (25 frames/s) generates large data sets, but will 

approximate the path of the filament most closely. However, in literature, frame rate is 

commonly confined to 5 frames/s, not only because of the increase in analysis time at 

higher frame rates but also because of a possible increase of effects of noise [Homsher et 

al, 1992]. We investigated whether this disturbance by noise grows when data is 

analysed at higher frame rates for both methods. 

In figure 3.3, the effect of different frame rates on the average speeds of non-

motile and motile filaments is shown. For the motile filaments an image sequence of 4 s 

with actin filaments sliding over HMM is analysed using both the centroid method and 

the path reconstruction method. The selection criterion of SD/mean perimeter <40% is 

used. For non-motile filament populations, sampled at different frame rates from the same 

image sequence, speed differs from zero with both methods. When using the centroid 

method the speed of non-motile filaments increases with increasing frame rate, whereas 

in case of the path reconstruction method the speed of non-motile filaments is 

independent of the frame rate. At higher frame rate this results in an overlap of centroid 

speed of motile filaments with centroid speed of non-motile filaments. 
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Figure 3.3. The average speeds of actin filaments sliding over HMM on a coated 
glass surface, determined from a 4 second image sequence, analysed at different 
frame rates with both the centroid method and path reconstruction method. Only 
data with a SD/mean<40% was used. The separation between non-motile and 
motile filaments was set at 1.5 /jm/s. (*) represents non-motile and (A) motile 
filament speeds, analysed with the path reconstruction method, whereas (U) 
represents non-motile and ( x) motile filament speeds, analysed with the centroid 
method. 
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This effect is illustrated in figure 3.4, in which average speeds of a data set are 

shown. From this data set sequences of at least 10 frames are analysed at 5 and 25 

frames/s and sequences of at least 49 frames are analysed at 25 frames/s. The selection 

criterion of SD/mean perimeter <40% is used. 
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Figure 3.4. The average speeds of actin filaments sliding over HMM on a coated 
glass surface, determined from a random selection of part of the data used for 
figure 3.2, analysed with both the centroid method and path reconstruction 
method. Only data with a SD/mean<40% was used. A separation between non-
motile and motile filaments was set at 1.5 /m/s. Sequences of at least 10 frames 
were analysed at 5 and 25 frames/s and sequences of at least 50 frames were 
analysed at 25 frames/s. (B) represents non-motile and (*) motile filament speeds, 
analysed with the path reconstruction method, whereas (o) represents non-motile 
and (EP motile filament speeds, analysed with the centroid method. 

TABLE 3.1 Average speed of actin filaments (mean ± SD in u.m/s) obtained at different frame rates and with different criteria 

frame rate Path reconstruction method Centroid method See also 

(frames/s) criteria non-motile filaments motile filaments non-motile filaments motile filaments figure 

5 all data 0.47 ± 0.50 n= 173 3.41 ±1.12n=353 0.75 ± 0.36 n=168 2.90 ± 1.08n=358 1 

5 SD/mean<40% 0.43 ± 0.48 n=161 3.29 ± 1.04n=287 0.73 ± 0.35 n=158 2.76 ± 0.77 n=291 2a 

5 SD/mean<40% 0.34 ± 0.49 n=l 16 3.04±0.99n=131 0.66 ± 0.34 n=l 09 2.69 ± 0.87 n=l 39 2b 
n>9frames 

5 SD/mean<40% 0.66 ± 0.34 n=45 3.50 ± 1.03n=156 0.88 ± 0.32 n=49 2.83 ± 0.65 n=l 52 2c 
n<10frames 

25 SD/mean<40% 0.46 ± 0.30 n=240 2.76 ± 0.70 n=46 1.18 ± 0.24 n=83 2.35 ± 0.88 n=203 4 
n>9frames 

25 SD/mean<40% 0.33 ± 0.25 n=123 3.08 ± 0.46 n=17 1.29 ± 0.14 n=35 2.19 ± 0.65 n=105 4 
n>49frames 

It can be seen that the path reconstruction method yields good results at both 

frame rates of 5 and 25 frames/s, because in both cases motile and non-motile filaments 
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are well separated. In contrast, the centroid method, when using 25 frames/s shows a 

considerable overlap of the speeds of motile and non-motile filaments. The results with 

the path reconstruction method show that sequences of at least 10 successive frames are 

needed to get a reliable speed determination, but that at higher frame rates the same 

minimum time sequence is required as at lower frame rate to get the same result. 

In table 3.1 the average speeds obtained with and without the use of the SD/mean 

criterion and with and without the limitation in number of frames are summarised. 

CONCLUSION AND DISCUSSION 

Our goal in developing a method to determine filament motility has been to be 

able to avoid biases in the estimation of the speed, easily introduced by the commonly 

used centroid method, and to be more accurate in separating motile and non-motile 

filaments. 

Speed is nowadays usually determined by the centroid method, i.e. by tracking the 

centroids of the filaments from frame to frame and averaging this frame to frame speed. 

An important difficulty arising with this centroid method is an underestimation of the 

speed when analysing filaments that follow a curved path [Work and Warshaw, 1992]. In 

that case the centroid is off the filament and its path will to some extent cut short the path 

followed by the filament depending on curvature relative to filament length and distance 

travelled with this curvature. To avoid this error, one can choose to analyse only filaments 

that travel along a straight path. Marston et al. [1996] showed that speed determination of 

a large number of filaments, screened over a short time period, was indistinguishable 

from speed determination of fewer filaments screened over a longer sequence of frames. 

This led to the introduction of a simple and fast method that automatically determined 

centroids. Work and Warshaw [1992] developed a computer algorithm that identifies the 

filament centre, which is always located on the filament, rather than centroid. This 

reduces the error associated with curving of filaments and allows the speed of longer 

filaments over longer sequences of frames to be measured. The underestimation of motile 

filament speed determined by centroid method is brought out in table 3.1, whereas it is 

avoided by the path reconstruction method. 

The non-motile filaments move at higher speed when analysed with the centroid 

method than when analysed with the path reconstruction method. The path reconstruction 
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method furthermore gives a better separation of the two populations (motile and non-

motile) of filaments. However, both methods detect movement of non-motile filaments. 

One reason for the measured speed of non-motile filaments is that brightness of such 

filaments may vary locally [Marston et al, 1996]. This leads to filaments that have pixels 

changing from black to white from frame to frame. The effect of this virtual movement on 

speed is more profound with non-motile filaments. With the centroid method it results in 

a centroid moving in random directions from frame to frame. In the path reconstruction 

method it results only in a limited increase in accumulated perimeter and the effect on 

speed that disappears in time. In case of the path reconstruction method, the effect of 

lateral movement contributing to the overall speed only appears when filaments are 

followed during less than 10 frames at 5 frames/s. For the centroid method however, an 

increase in the number of frames, during which a filament is followed, does not lead to a 

decrease in the contribution of lateral movement to the overall speed (figure 3.2B and C). 

This effect can be due to a wobbling of the centroid from frame to frame. However, in 

case of the path reconstruction method, increase in number of frames contributes to a 

smoothening of the contour of the total perimeter. If this movement of the non-motile 

filaments is a slow process compared to frame rate, the same time sequence, and thus 

more frames, are needed to eliminate the effect of lateral movement in the overall speed. 

See also the data in table 3.1 analysed with 25 frames/s and analysed using at least 10 

successive frames and analysed using at least 49 successive frames. Another reason for 

the filaments to move with this non-motile speed may be Brownian motion [Marston et 

al, 1996]. The centroid method does not distinguish between unidirectional movement 

and oscillation around a fixed point, whereas the path reconstruction method does. 

At higher frame rates an overlap of speeds of non-motile and motile filaments can 

occur due to this overestimation of the measured speed of non-motile filaments [Homsher 

et al, 1992]. The causes of this increase in speed at higher frame rate, are the same as for 

the movement of non-motile filaments, as discussed before. Especially for the centroid 

method, these oscillations of the centroid at higher frame rate will make speed 

determination noisier. For the path reconstruction method the determination will be more 

precise, as a result of the total perimeter estimation being more accurate. In the path 

reconstruction method the speed of motile and non-motile filaments are independent of 

frame rate (figure 3.3). Figure 3.4 illustrates this effect again. The path reconstruction 

method performs well at 25 frames/s in contrast to the centroid method. As reported in 

Homsher et al [1992], centroid speed determination at higher frame rates becomes 
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noisier and, as shown by our data, motile and non-motile filaments can no longer be 

clearly separated. 

The centroid method gives a good estimation of filament speed at 5 frames/s, but 

when filaments move at higher speeds or small differences need to be measured, analysis 

at a higher frame rate is needed for satisfactory accuracy. 

Waving and buckling may be due to inhomogeneities in the density of myosin 

molecules on the coated surface or due to interactions of actin with non-functional 

myosin motors. Therefore, filaments showing this should be removed or studied 

separately. The path reconstruction method deals with this. The value for the SD/mean 

value <40% sufficiently eliminates the waving filaments and the filaments that show 

buckling. In this way, it prevents overestimation of speed due to broadening of the 

perimeter or excessive displacements of the centroid perpendicular to the filament. 

Hesitations of actin filaments during sliding do occur and are either biologically 

important, given the experimental conditions, or simply due to inhomogeneities in the 

myosin-coated surface. These hesitations should be studied separately and further 

analysis of these filaments is therefore beyond the scope of this paper, as is other non

uniform sliding behaviour. 

The path reconstruction method avoids crossover during analysis, whereas other 

methods need elimination by a separate procedure afterwards. 

The path reconstruction method so far enables us to analyse speed of uniform 

sliding actin filaments. Motile and non-motile filament speeds form two distinct speed 

populations at any frame rate. In addition non-uniform sliding filaments are easily 

detected and sorted out. 
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APPENDIX I 

Analysis of the first frame (Fi) 

To be able to calculate speeds of actin filaments, filaments first had to be 

separated from the background in the successive frames. This paragraph describes this 

action for the first frame. The objective was to find and label all actin filaments within the 

region of interest in the first frame. The first step was to segment the image in actin 

filaments and background, by thresholding the image at a previously set threshold value. 

In the resulting binary image the background was black (pixel intensity value 0) and actin 

filaments were white (pixel intensity value 255). To remove impulse noise a 3x3 median 

filter was applied to the binary image [Gonzalez et al, 1992]. This also had a slightly 

smoothing effect on the ragged edges of the actin filaments. 

The next step was to detect, outline and label the actin filaments. To detect actin 

filaments the image was searched line by line from the top left to the lower right for a 

pixel intensity value of 255. Upon finding such a value, which had to be a pixel on the 

edge of an actin filament, that edge was followed pixel by pixel to create a closed contour 

of the filament. After the contour closed, the filament, denoted as fj, was labelled by 

filling the contour as a whole with a fill value i (starting with i—1 for the first filament, 2 

for the second filament and so on up till a maximum of 254). Searching for a pixel 

intensity value of 255 was repeated until there was no pixel with value 255 found in the 

image indicating that all filaments were processed. The result was an image with 

background intensity 0 and filaments labelled 1, 2 and so on up to n, where n was the 

number of filaments found in this first image. This image was copied to a new image, 

ImNew. An example is shown in figure 3.5A. 

Analysis of the successive frames Fk 

Here, the purpose was to follow the labelled actin filaments that were found in the 

first frame in the next frames. Therefore, filament detection in successive frames was 

slightly different, where it concerned detecting, outlining and labelling of actin filaments. 

To ensure that filament fj in ImNew was the same as a filament in the next frame (F2), an 

overlap was searched for. Therefore pixel intensity values of coinciding coordinates in 

ImNew and F2 were tested to be 255 in F2 and i in ImNew. Subsequently, to make sure 

that the pixel was on the edge of the filament fj intensity values of pixels with increasing 

x-coordinates were searched for until the intensity of the target pixel was 255 and its right 
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neighbour had an intensity value of 0. Processing continued with outlining, filling f in F2 

and labelling it with the value i. Then ImNew was superimposed with F2. This was 

accomplished by replacing pixels with background value in ImNew with pixels from F2 

that were labelled as belonging to filaments. This procedure as outlined for handling of F2 

was repeated for successive frames Fk with k=2, 3, ..,n. With each frame superimposed 

the projection of actin filaments grew longer, in this way reconstructing their filament 

path. Each time ImNew was superimposed with a frame (F2, F3 etc.), the reconstructed 

filament paths were searched for in ImNew. Detecting these filament paths in ImNew was 

analogous to detection of filaments fj in frames F^ with a search for pixel intensity value i 

(i=l to n) instead of 255. A typical filament path reconstruction obtained after several 

superpositions is shown in figure 3.5B. 

v - \ 
; 

Figure 3.5. Inverted image of an example of ImNew with (A) actin filaments after 
analysis of a first frame and (B) their reconstructed paths after analysis of 
several frames. 

Calculations 

While creating the contour of a filament in each frame the perimeter (P(fj)) was 

calculated. For each horizontal or vertical pixel step 1 was added to the perimeter whereas 

for each pixel step in a slanting direction A/2 was added. The area of the filament (A(f)) 

was determined during the filling of the outline by counting pixels that were changed to 

the fill value and was therefore equal to the number of pixels (N) in the filament. From 

the x,y coordinates of these pixels the centroid Q(x,y) off; was calculated for all i using 

G(x,y) = (Xd,yd) (3.1) 

54 



Path reconstruction method 

with 

X c - ^ Z . X i a n d y ^ - X . y , (3.2) 

Each time after ImNew was superimposed with a successive frame (F2, F3, etc.) 

the reconstructed filament paths were searched for in ImNew and their perimeters 

(P(fi)tot) were determined analogously to determination of this feature in each frame 

described above. 

Frame to frame centroid displacement (dd) of a filament was determined by 

calculating the Euclidean distance between C;(x,y) in successive frames (F2-Fi, F3-F2, 

etc.). Total centroid displacement (dCj)tot was determined by summation of the Euclidean 

distances between Cj(x,y) in successive frames (F2-Fi, F3-F2, etc.). Frame to frame 

perimeter displacement (dpj) was determined by subtraction of the perimeters P(fj) in 

successive frames (F2-Fi, F3-F2, etc.). Total perimeter displacement (dpj)tot was equal to 

the difference in perimeter of the filament in the first frame as compared to the perimeter 

of the reconstructed filament path in ImNew after all frames were superimposed. 

Frame to frame centroid speed (vCi<) was calculated from 

d . x o . 
ci ^Jpix 

At 
(3.3) 

with s is pixelsize, At = , and frame rate is the number of frames per unit time. 
p frame rate F 

Average centroid speed (vc) was calculated from 

\dci)lo $» 

with n being the number of frames analysed. 

Frame to frame perimeter speed (vPk) was calculated from 

Vpk = 2 A t (3.5) 

Average perimeter speed (vP) was calculated from 

V'~ 2At(n-l) ( 3-6) 
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ABSTRACT 

In this chapter the in vitro motility assay is used to measure the direct effect of 

calcium antagonists on the actin-myosin interaction. 

Thin filaments have been reconstituted from skeletal actin filaments, troponin, and 

tropomyosin. Calcium regulates the number and the speed of thin filaments moving. 

Verapamil, diltiazem and nifedipine decreased the percentage of motile actin 

filaments, suggesting a direct effect on actin and/or myosin. These calcium antagonists 

also showed an increase in speed of non-motile thin filaments, indicating a decrease in 

weak binding affinity and thus an increase in Brownian motion. Verapamil increased the 

speed and number of motile thin filaments significantly, suggesting an effect of this 

antagonist on the calcium-mediated troponin-tropomyosin complex as well. 

We consider calcium antagonists to be a useful tool in determining molecular 

details concerning calcium regulation. In the future they may possibly be used in 

determining drug-binding sites. 

58 



Effect of calcium antagonists on actin-myosin interaction 

INTRODUCTION 

Calcium antagonists are specific and competitive inhibitors of the cellular calcium 

ion influx in cardiac and smooth muscle. This influx, via specific membrane channels, is 

necessary for the activation of contractile proteins and of other intracellular processes in 

the above mentioned muscle tissues. Calcium antagonists are therefore used as a treatment 

of different forms of angina pectoris and hypertension, [van Zwieten et al., 1995]. The 

question whether these drugs interfere with the contraction process itself has been brought 

up a long time ago [Higuchi and Sakanishi, 1985; Nigdikar et ai, 1986; Afzal et al, 

1989]. 

However, the direct effect of Ca2+ channel antagonists on the contractile 

machinery has only been investigated in a few studies. Maruyama et al. [1982] 

investigated the effect of verapamil on the contractile apparatus in glycerinated cardiac 

muscle preparations obtained from canine dog hearts. Their results indicated verapamil 

enhances the contractile force. Su [1988] reported that verapamil and diltiazem induce 

calcium release from the sarcoplasmic reticulum (SR) and increase Ca2+ sensitivity of the 

contractile proteins, which could explain the observed enhancement of twitch tension and 

inducement of contracture in skeletal muscle. 

The concentrations used in these first studies were extremely high compared to 

therapeutic doses. But in therapeutic doses, under well-defined conditions, these drugs 

enhance tension development in striated muscle as well. In vitro experiments on 

innervated cat soleus and gastrocnemius muscle showed a direct positive effect of 

verapamil on force [Skirboll et al, 1979], Walsh et al. [1984] investigated the action of 

diltiazem on the mechanical properties of mouse and rat skeletal muscle and found that 

diltiazem produced a concentration dependent increase in twitch amplitude. 

The direct effect of three different Ca2+ channel antagonists (verapamil, diltiazem 

and nifedipine) on the contractile machinery of muscle fibres in relation to Ca2+ sensitivity 

and sarcomere length has been studied using single fibres of human quadriceps, rabbit 

gracilis, and small strips of rat cardiac tissue (right ventricle) by Schiereck et al. [1993], 

The tension of these preparations of skinned skeletal and heart muscle fibres was raised 

due to exposure to these calcium antagonists. The measurements suggested an increase of 

calcium sensitivity through activation of troponin C [Schiereck et al, 1993]. 

Another method to demonstrate a direct effect of calcium antagonists on actin-

myosin interaction is provided by the in vitro motility assay (see also Chapter 2 for a 
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more detailed description). In this assay, myosin molecules or their subfragments are 

attached to a nitrocellulose-coated cover slip and the actin or thin filaments will move 

across this myosin layer in presence of ATP and in case of thin filaments also calcium. 

Thin filaments can be reconstituted from actin, troponin and tropomyosin and regain the 

troponin/tropomyosin-mediated calcium regulation as present in intact muscle fibres. 

With the elimination of membrane-related events the added calcium antagonists have 

direct access to the contractile proteins without interference of the sarcoplasmic 

reticulum. 

In this study we examine the effects of three calcium antagonists, diltiazem, 

verapamil and nifedipine, in an in vitro motility assay of actin or thin filaments sliding 

over a myosin-coated cover slip. 

MATERIALS AND METHODS 

Protein preparations 

Animal 

For the experiments with skeletal muscle myosin and actin, a male New Zealand 

White rabbit, weighing 2.2 kg was used. The rabbit was anaesthetised with Hypnorm (1 

ml/kg, 0.32 mg/ml fentanyl citrate and 10 mg/ml fluanisone, intramuscular, Janssen 

Pharmaceutics, Tilburg, The Netherlands) and the M. erector spinae was excised. Animal 

care was in accordance with institutional guidelines. 

Myosin and heavy meromyosin (HMM) 

Skeletal muscle myosin was prepared according to the method of Margossian and 

Lowey [1982]. Heavy meromyosin (HMM) was prepared by chymotryptic digestion of 

myosin according to Kron et al. [1991]. Myosin was stored at -25 °C in 50% 7V glycerol 

or quickly frozen in liquid nitrogen and stored at -80 °C. HMM was stored at -80 °C after 

quick freezing in liquid nitrogen. Before use in the in vitro motility assay, ATP-

insensitive heads were removed from aliquots of HMM as described by Kron et al. 

[1991]. For this reason, filamentous actin (F-actin) was added to HMM in a 1:5 molar 

ratio, and the aliquot was centrifuged with 1 to 2 mM adenosine triphosphate (ATP) for 

10 minutes at 167,000 x g in a Beekman Airfuge at 4 °C. It appeared to be possible to use 

this myosin preparation in the in vitro motility assay for up to 4 hours. 
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Protein concentrations were measured by absorption spectroscopy or by protein 

assay (Bio-Rad). The molecular masses and extinction coefficients used to assay myosin 

and HMM concentration were 520 kDa and 0.55 (mg/miy'cm"1, and 260 kDa and 

0.60 (mg/ml)"'crn ' respectively, both at 280 nm. ATPase activities were measured in 

solution under comparable conditions as in the in vitro motility assay using a malachite 

green assay according to Kodama et al [1986]. Myosin, HMM, and all other protein 

preparations were also analysed by sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE). 

Actin, tropomyosin and troponin 

Globular actin (G-actin) was prepared according to the procedure of Pardee and 

Spudich [1982] and stored at -80 °C after quick freezing in liquid nitrogen. In the 

presence of KCl (50 mM) and ATP (1 mM), G-actin was polymerised into F-actin during 

3 hours on ice. 

For visualisation by fluorescence microscopy, 2 |aM F-actin was labelled with 

4 ixM rhodamine-phalloidin (RhPh) [Kron et al, 1991] in an AB-buffer (see Solutions). 

Reconstitution of thin filaments with (labelled) actin, tropomyosin and troponin was 

achieved by mixing the proteins at concentrations of respectively 400, 100 and 80 nM in a 

modified regulated filament buffer [Gordon et al, 1997] with the following composition: 

98.5 mM KCl, 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS; Sigma Chemical 

Co., St. Louis, MO), 6 mM MgCl2, 1 mM ethylene diamine tetra acetic acid (EDTA) and 

5 mM dithiothreitol (DTT), pH 7.4 and ionic strength 125 mM. 

Stocks of 10 mg/ml of tropomyosin (Tm) and troponin (Tn) (both: Lyophilised 

powder, rabbit muscle, Sigma Chemical Co., St. Louis, MO) were made in 10 mM 

TrisHCl pH 7.5, 1 mM DTT, 0.01% NaN3, 5 mg/ml each of L-1-tosylamide 2-phenylethyl 

chloromethyl ketone (TPCK) and Noc-p-tosyl-L-lysine chloromethyl ketone (TLCK), 0.3 

mM phenylmethylsulphonyl fluoride (PMSF) [modified from Homsher et. al., 1996] and 

stored at -25 °C for up to 3 months. 

Protein concentrations were measured by absorption spectroscopy or by protein 

assay (Bio-Rad). The molecular mass and the extinction coefficient used to assay actin 

concentration were respectively 42 kDa and 0.62 (mg/ml)_1cm"' at 290 nm. 

Solutions [Kron etal, 1991] 

Motility assays were carried out using either labelled actin filaments or labelled 

reconstituted thin filaments diluted in AB-buffer (pH 7.4, ionic strength 50 mM and pCa 
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10, 10 mM MOPS; 1 mM ethylene glycol bis(ß-aminoethyl ether)-N,N,N',N'-tetraacetate 

(EGTA), 2 mM Mg2+, 2 mM Creatine Phosphate (Boehringer Mannheim, Germany) and 

10 mM DTT. The ionic strength was adjusted by adding KCl. Before use 35 U/ml 

Creatine Kinase (Boehringer Mannheim, Germany) was added to the AB-buffer. 

We tested the effect of three types of calcium antagonists, classified according to 

the World Health Organisation (WHO). This classification is based on pharmacological 

profiles, relative to recognised prototypes. Type I, II and III are phenylalkylamines, 

benzothiazepines, and dihydropyridines respectively. These are the calcium antagonists, 

which are selective for Ca2+-channels. As representative for class I we used verapamil (7-

Cyano-l,7-bis(3,4-dimethoxyphenyl)-3,8-dimethyl-3-azanonane HCl), for class II 

diltiazem(d-cis-3-acetoxy-2,3-dihydro-5-(2-dimethyl-amino-ethyl)-2-(p-methoxyphenyl)-

benzo-[b]-(5H)-l,5-thiazepin-4-one), and for class III nifedipine (1,4-dihydro-2,6-

dimethyl-4-(o-nitrophenylpyridine)-3,5-dicarboxylic acid diester). Unlike the other two, 

nifedipine can not be dissolved in water. According to the Merck Index the best solvent is 

chloroform. However, we found that chloroform increased the speed and percentage of 

motile thin filaments. Therefore, ethanol was used to solve nifedipine for these 

experiments. An extra control experiment was done to exclude an effect of ethanol on the 

motility. Nifedipine is a light sensitive molecule, but in a darkened room and with modest 

microscope illumination we observed no fall in effect during the experiments. The final 

concentration of the calcium antagonists was 1 uM. 

In the in vitro motility assay, movement of actin or thin filaments was induced by 

AB-buffer containing 2 mM MgATP and variable calcium concentrations. Appropriate 

amounts of CaCl2 were added to obtain solutions with values of pCa between 10 and 4, 

while maintaining ionic strength. Scavenger solutions were used to minimise 

photooxidation and photobleaching. For this reason, 3 mg/ml glucose, 10-25 U/ml 

glucose oxidase (Sigma Chemical Co., St. Louis, MO) and 200-500 U/ml catalase (Sigma 

Chemical Co., St. Louis, MO) were added to the AB-buffer containing labelled actin, thin 

filaments or ATP (see Slide preparation for use of this buffer). 

A computer program based on data of Fabiato and Fabiato [1979] was used to 

calculate the composition of the solutions to maintain ionic strength. 

Slide preparation 

Motility assays were carried out on glass. Therefore, flow cells were constructed 

from a no. 1 cover slip (24 x 40 mm), two spacers (each 3 x 24 mm) and a top cover slip 
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(24 x 24 mm) stuck together with grease. The cover slips (24 x 40 mm) were coated with 

a thin layer of freshly diluted nitrocellulose (1%) and used the same day [Kron et ai, 

1991]. Total chamber volume was about 100 u l All solutions were infused using a pipette 

while holding the flow cell slightly tilted. Capillary forces facilitated the filling procedure. 

First, the flow cell was filled with 100-200 ug/ml heavy meromyosin (HMM) and 

incubated for 1 minute, followed by AB (buffer described in Solutions) with 10 mM 

bovine serum albumin (BSA) to remove unbound HMM and to block non-specific protein 

binding. After exposing the chamber to AB containing 0.02 uM unlabelled F-actin for 1 

minute, the chamber was washed with AB containing 2 mM MgATP, to unblock active 

actin-myosin interactions and remove access of unlabelled F-actin, followed by washing it 

two times using AB with 10 mM BSA. This procedure used unlabelled F-actin to block 

ATP-insensitive heads on HMM, which were either not removed by centrifugation (see 

Myosin and Heavy Meromyosin Preparation) or which were formed when HMM binds to 

the nitrocellulose surface [Kron et ai, 1991; Sellers et ai, 1993]. Actin or thin filaments 

(4 nM) in AB were added and washed with either AB containing the scavenger solutions 

alone or, in case of thin filaments, with AB containing scavenger solutions plus additional 

troponin and tropomyosin (80 and 100 nM respectively) after 1 minute. Finally, the slide 

was transferred to the microscope stage. By adding AB containing ATP (and in case of 

thin filaments also calcium, troponin and tropomyosin), the movement of the actin (or 

thin) filaments is initiated. All measurements were performed at room temperature. 

Data acquisition and analysis 

The labelled actin filaments were observed through an inverted microscope 

(Nikon Diaphot 300) equipped with a HglOOW lamp and a Nikon fluorescence filter set 

(Omega Optical XF37: A,exc = 546 nm, beam splitter 560 nm, Xtm = 570 nm). The actin 

filaments were imaged with an intensified CCD camera (Photonic Science Limited 

Darkstar). The standard PAL video signal from the camera, together with time/date/title 

signal (Blaupunkt), was recorded on an S-VHS video recorder (VCR model GV 470 S 

VPT Grundig) for off-line analysis. 

In order to digitise the recorded images the video signal from the video recorder 

was fed into the S-VHS input of the standard video device (VINO) of a Silicon Graphics 

Indy workstation. 

Actin filament speed was calculated using a home written program (ActinFil, 

written by JGZ) as described in Chapter 3. Only uniformly moving filaments were used 
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for speed analysis, excluding waving and buckling filaments, in which parts of the 

filaments are not attached to the myosin-surface. 

In all measuring conditions, at least five areas from at least 3 slides were analysed. 

Results have been presented as mean ± SE. For a statistical analysis of the speed of motile 

and non-motile filaments and percentage of motile filaments, all data were used. 

Statistical significance was determined by ANOVA followed by pairwise comparisons 

with the Tukey HSD test with a significance level of p<0.05. 

RESULTS 

The movement of pure actin filaments appeared to be independent of calcium 

concentration in the range of pCa 10 to 4. In figures 4.1, 4.2 and 4.3, speed of motile and 

non-motile actin filaments (A) and percentage of motile actin filaments (B) is shown at 

pCa 10 only, for comparison with the data of thin filaments. This is in agreement with 

previous observations [Gordon et al, 1997; Homsher et al, 1996; Honda and Asakura, 

1989; Sata et al, 1995a,b] and it shows that there is no Ca2+-dependent modulation of 

skeletal muscle filament sliding in vitro in the absence of the troponin-tropomyosin 

complex. 

Calcium regulates the contraction in striated muscle through its binding to 

troponin-C (TnC) of the troponin-tropomyosin complex of the thin filament [Ebashi and 

Endo, 1968; Grabarek et al, 1992; Tobacman, 1996]. Molecular structural information 

suggests that calcium binding causes a conformational change in TnC, which in turn alters 

the position of tropomyosin (Tm) on the thin filament and thereby modulates the 

interaction between actin and myosin [Lehman et al, 1994]. This results in calcium 

activation of ATPase activity and force and/or shortening of skinned fibres and intact 

muscle cells [Ebashi and Endo, 1968]. It is not clear which aspects of the actin-myosin 

interaction are regulated by calcium at the molecular level to control contraction. 

In order to prevent loss of calcium sensitivity during the experiments, troponin 

and tropomyosin had to be added to the buffer solutions, similar to the experiments of 

Homsher et al [1996] and Gordon et al [1997]. They assumed that adding additional 

troponin and tropomyosin was necessary to prevent these proteins from diffusing from 

actin. The presence of only a few regions lacking troponin and tropomyosin of the 

otherwise regulated thin filaments would be sufficient to permit motility in the absence of 
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Ca2+. Motility of thin filaments (mean speed and percentage of motile filaments), well-

regulated after reconstitution with troponin and tropomyosin, is expected to be minimal at 

low calcium concentration (pCa 10) and maximal below pCa 5. 

For thin filaments, all experiments started at pCa 4 and ended at pCa 10. 

Verification afterwards with pCa 4 led to a full recovery of speed and percentage of 

motile filaments. This indicates that the proteins were not damaged during the 

experiments. Before measuring the effect of the next calcium concentration, the flow cell 

was flushed with at least 3 chamber volumes to avoid mixing of solutions. 

The Path Reconstruction Method, described briefly in 'Materials and Methods' of 

this Chapter and in detail in Chapter 3, was used for speed analysis. Speed histograms 

obtained from the measurements show a distinct minimum at 1 \xmls for all measured 

calcium concentrations (not shown here). This minimum was used as a criterion to 

separate motile from non-motile filaments. 

Results are shown in figures 4.1, 4.2, and 4.3 as described below. Speed and 

percentage of motile thin filaments measured from untreated1 actin and thin filaments are 

drawn in figure 4.1 in black and repeated in figure 4.2 and 4.3 in grey in order to facilitate 

comparison. 

Figure 4.1 A shows the mean speed of motile and non-motile thin filaments at 

different calcium concentrations with and without verapamil. Also shown is the speed of 

motile and non-motile actin filaments at pCa 10 with and without verapamil. Mean speed 

is not shown for untreated thin filaments at pCa 8, because there were not enough 

filaments available for analysis (less than 5 filaments). 

When comparing the speed of motile actin filaments with the speed of motile thin 

filaments, we see a significant lower speed for thin filaments. From figure 4.1 A, we see 

that thin filament speed significantly increases with an increasing calcium concentration. 

Verapamil significantly increased speed of motile thin filaments at all calcium 

concentrations measured. The statistic analysis used is mentioned in 'Material and 

Methods, Data acquisition and Analysis'. Thin filaments exposed to verapamil show a 

decrease in speed with increasing pCa, with a slope that does not differ significantly from 

thin filaments without verapamil. Speed of non-motile thin filaments is calcium 

dependent. Verapamil significantly increases the speed of non-motile thin filaments 

Untreated (or treated) is related to the use of a calcium antagonist only. 
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compared to the speed of untreated non-motile thin filaments. There is no significant 

effect of verapamil on the speed of non-motile and motile actin filaments. 
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Figure 4.1 Calcium dependence of speed and percentage of motile and non-
motile actin and thin filaments with (1/JM) and without verapamil. 
A. Sliding speed (/m/s) of motile (+) and non-motile (A.) untreated thin 
filaments at various pCa. The numbers of the motile thin filaments analysed at 
pCa 4, 5, 6, 7, 9 and 10 were, 187, 29, 35, 34, 9 and 0 respectively. The numbers 
of the non-motile filaments analysed at pCa 4, 5, 6, 7 and 9 were 249, 103, 111, 
192, 183, and 49 respectively. Sliding speed (/mi/s) of motile (O) and non-motile 
(A) thin filaments exposed to verapamil at various pCa. The numbers of the 
motile filaments analysed atpCa 4, 5, 6, 7, 8 and 9 were 65, 39, 46, 18, 9, and 9 
respectively. The numbers of the non-motile filaments analysed at pCa 4, 5, 6, 7, 
8 and 9 were 45, 42, 29, 40, 75, and 31 respectively. Sliding speed (fjm/s) of 
motile (9) and non-motile (U) actin filaments is shown at pCa 10 using a line 
parallel to the pCa-axis to illustrate that this speed is not dependent on calcium. 
The numbers of the motile and non-motile filaments analysed were 41 and 18 
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respectively. Sliding speed (jjm/s) of motile (O) and non-motile (P) actin 

filaments exposed to verapamil is shown at pCa 10. The numbers of these motile 
and non-motile filaments analysed were 55 and 134 respectively. 
B. Percentage (%) of untreated (+) and verapamil-treated (O) motile thin 
filaments at various pCa. The numbers of the filaments analysed for untreated 
thin filaments is the sum of the numbers of the non-motile and motile filaments as 
mentioned in A, thus for pCa 4, 5, 6, 7, and 9, the numbers were 436, 132, 146, 
226, 192 and 49 respectively. The numbers of verapamil-treated thin filaments 
analysed for pCa 4, 5, 6, 7, 8, and 9, were 110, 81, 75, 58, 84 and 40 
respectively. Also shown is percentage of motile actin filaments with (O) or 
without (9) verapamil. The numbers of filaments analysed for untreated and 
verapamil-treated actin filaments were 59 and 189 respectively. 

Figure 4.IB shows the percentage of motile thin filaments with and without 

verapamil at different calcium concentrations. At pCa 10, all movement ceased. Also 

shown is the percentage of motile actin filaments with and without verapamil. The 

percentage of motile untreated thin filaments at pCa 8 is not shown for the same reason as 

mentioned above. The percentage of motile thin filaments decreased with decreasing 

calcium concentration. The percentage of motile thin filaments exposed to verapamil 

decreases with a decreasing calcium concentration in a similar way as when they are not 

exposed to verapamil, but remains at a significantly higher level. Exposure to verapamil 

significantly decreased the percentage of motile actin filaments as compared to the 

percentage of motile untreated actin filaments. 

Figure 4.2A shows mean speed of motile and non-motile thin filaments with and 

without diltiazem at different calcium concentrations. Also shown is the mean speed of 

motile and non-motile actin filaments at pCa 10 with and without diltiazem. There were 

no measurements of speed of thin filaments with diltiazem at pCa 7. 

Only when they were fully activated (pCa 4), diltiazem significantly decreased 

speed of motile thin filaments. The speed of diltiazem-treated non-motile thin filaments is 

however significantly increased. There is no significant effect of diltiazem on the speed of 

non-motile and motile actin filaments. 

Figure 4.2B shows the percentage of motile thin filaments with and without 

diltiazem at different calcium concentrations. At pCa 10, all movement ceased. Also 

shown is the percentage of motile actin filaments at pCa 10 with and without diltiazem. 

There were no measurements of the percentage of motile thin filaments treated with 

diltiazem at pCa 7. The percentage of motile thin filaments with diltiazem decreases in a 

similar way as those without diltiazem. Exposure to diltiazem however significantly 
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decreased the percentage of motile actin filaments as compared to percentage of motile 

untreated actin filaments. 

Figure 4.3A shows the mean speed of motile and non-motile thin filaments with 

and without nifedipine at different calcium concentrations. Also shown are motile and 

non-motile actin filaments at pCa 10 with and without nifedipine. Measurements with 

nifedipine-treated thin filaments were restricted to pCa 4, 6, 8 and 10. 

Between pCa 4 and 8, motile thin filaments exposed to nifedipine show a speed, 

which is apparently independent of pCa. When fully activated (pCa 4), the speed is 

significantly decreased as compared to the speed of untreated thin filaments. The speed of 

nifedipine-treated non-motile thin filaments is significantly increased. There is no 

significant effect of nifedipine on the speed of non-motile and motile actin filaments. 
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Figure 4.2 Calcium dependence of speed and percentage of motile and non-
motile actin and thin filaments with (1{JM) and without diltiazem. 
A. Sliding speed (/jm/s) of motile (+) and non-motile (A.) untreated thin 
filaments at various pCa. The numbers of the motile and non-motile untreated 
thin filaments analysed are described in the legend of figure 4.1 A. Sliding speed 
(jum/s) of motile (^>) and non-motile (A) thin filaments exposed to diltiazem at 
various pCa. The numbers of the motile filaments analysed at pCa 4, 5, 6, 8 and 
9 were 32, 47, 22, 14, and 12 respectively. The numbers of the non-motile 
filaments analysed at pCa 4, 5, 6, 8 and 9 were 46, 111, 62, 88, and 49 
respectively. Sliding speed (/jm/s) of motile (%) and non-motile (M) actin 
filaments is shown at pCa 10 using a line parallel to the pCa-axis to illustrate 
that this speed is not dependent on calcium. The numbers of the analysed 
filaments are described in the legend of figure 4.1 A. Sliding speed (/jm/s) of 
motile (O) and non-motile (P) actin filaments exposed to diltiazem is shown at 

pCa 10. The numbers of these motile and non-motile filaments analysed were 43 
and 67 respectively. 
B. Percentage (%) of untreated (+) and diltiazem-treated (O) motile thin 
filaments at various pCa. The numbers of untreated thin filaments analysed are 
described in the legends of figure 4. IB. For diltiazem-treated thin filaments 78, 
158, 84, 102, and 61, filaments were analysed at pCa 4, 5, 6, 8 and 9, 
respectively. Also shown is the percentage of motile actin filaments with (O) or 
without (%) diltiazem. The number of untreated actin filaments analysed is 
described in the legends of figure 4.IB. The number of diltiazem-treated actin 
filaments was 110. 

Figure 4.3B shows the percentage of motile thin filaments with and without 

nifedipine at different calcium concentrations. At pCalO, all movement ceased. Also 

shown is the percentage of motile actin filaments with and without nifedipine. Nifedipine-

treatment did not change the percentage of motile thin filaments significantly compared to 

untreated thin filaments. Exposure to nifedipine significantly decreased the percentage of 

motile actin filaments compared to untreated actin filaments. 

There is no measurable effect of any of the used calcium antagonists on the 

myosin ATPase activity in the solution in the presence or absence of actin or thin 

filaments at pCa 4 and 10. ATPase activity of thin filaments in presence of calcium is 

increased compared with actin filaments. 

No remarkable changes in actin filament density due to exposure to any of the 

calcium antagonists were observed. 

The effects of all calcium antagonists that were used on actin and thin filaments 

were reversible. As soon as the calcium antagonist is flushed out of the flow cell, the 

speed and percentage of motile filaments recovered to the values obtained for untreated 

actin and thin filaments. 
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Figure 4.3 Calcium dependence of speed and percentage of motile and non-
motile actin and thin filaments with (1/JM) and without nifedipine. 
A. Sliding speed (/jm/s) of motile (+) and non-motile (A) untreated thin 
filaments at various pCa. The numbers of the motile and non-motile untreated 
thin filaments are described in the legend of figure 4.1 A. Sliding speed (/um/s) of 
motile fOj and non-motile (A) thin filaments exposed to nifedipine at various 
pCa. The numbers of the motile filaments analysed atpCa 4, 6, and 8 were 14, 9 
and 8 respectively. The numbers of the non-motile filaments analysed at pCa 4, 
6, and 8 were 26, 19 and 18 respectively. Sliding speed (/jm/s) of motile (%) and 
non-motile (m) actin filaments is shown at pCa 10 using a line parallel to the 
pCa-axis to illustrate this speed is not dependent on calcium. Numbers of the 
analysed filaments are described in the legend of figure 4.1A. Sliding speed 

(/jm/s) of motile (O) and non-motile f^) actin filaments exposed to nifedipine is 

shown atpCa 10. The numbers of these motile and non-motile filaments analysed 
were 60 and 87 respectively. 
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B. Percentage (%) of untreated ("•) and nifedipine-treated (O) motile thin 
filaments at various pCa. The number of untreated thin filaments analysed is 
described in the legends of figure 4. IB. For nifedipine-treated thin filaments 40, 
28, and 26 filaments were analysed at pCa 4, 6, and 8, respectively. Also shown 
is the percentage of motile actin filaments with (O) or without (9) nifedipine. 
The number of untreated actin filaments is described in the legends of figure 
4.IB. The number of nifedipine-treated actin filaments was 147. 

CONCLUSION AND DISCUSSION 

Calcium dependence of the actin-myosin interaction. 

The speed and percentage of motile and non-motile actin filaments are not 

affected by calcium (see 'Results', e.g. figure 4.1). However, the speed and percentage of 

untreated thin filaments are fully dependent on calcium. From the results we can see that 

at pCa 4, the speed and percentage of motile thin filaments are maximal. At pCa 10 all 

movement ceased, percentage of motile filaments is at zero. There are only non-motile 

filaments present with a speed at (near-)zero. This implies that all actin molecules in the 

thin filaments were subject to the influence of the troponin-tropomyosin complexes. 

Before discussing the calcium dependence of thin filaments we first want to 

analyse forces in the in vitro motility assay. These forces have to be in balance for steady 

filament speed. The first type of force is exerted by well functioning myosin heads 

interacting with activated actin. The mean force per actively cycling head is positive, 

acting in the direction of filament movement. Together, the sum of forces produced by 

each of these heads make up the driving force for the movement. Because of internal 

friction in the mechanism generating this driving force, it will decrease with increasing 

velocity. The second type of force is brought about by friction of viscous nature. It is zero 

at zero speed and will be more negative at higher speed. Such force will be produced by 

well functioning heads binding weakly to inactive actin. Viscous force from surrounding 

fluid is negligible [Yanagida et al, 1985]. Part of the filaments is non-motile. These 

filaments must be subject to a third type of force that makes filaments stick, although 

driving force is high and viscous forces are zero (velocity is zero). This force is usually 

attributed to myosin heads functioning inappropriately, because binding of ATP does not 

facilitate detachment from actin. These heads may comprise damaged heads that are still 

present, notwithstanding precautions, or heads that function inappropriately due to 

geometric constraints by reasons unknown. 
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With this in mind we can describe the effect of calcium on the speed and 

percentage of motile thin filaments in terms of these forces. Without calcium antagonists 

percentage of motile thin filaments decreases with increasing pCa (figures 4. IB, untreated 

thin filaments). Presumably, at higher pCa less actin will be available to accommodate 

active myosin heads. Driving force will be decreased and will increasingly fail to detach 

the filament from inappropriately functioning heads. The speed of motile filaments 

decreases somewhat with increasing pCa (e.g. figure 4.1 A, untreated thin filaments). This 

can be attributed to the decreased driving force and to the growing region of filaments, 

available for inactive, weak binding of heads. Thus, the decreased number of active heads 

at higher pCa leads to less motile filaments and to a decreased speed of motile filaments. 

Honda and Asakura [1989], Harada et al, [1990] and Sata et al [1995a,b, 1996] 

hypothesised an on-off regulation per filament, with speed being zero below a threshold 

pCa, switching to a maximum above this threshold. This on-off regulation implies that the 

entire thin filament is eventually activated as a single unit [Brandt et al, 1984, 1987] and 

that the speed of the activated thin filament is independent of calcium concentration 

[Huxley, 1957]. In contrast, others [Fraser and Marston, 1995; Homsher et al, 1996; 

Kellermayer and Granzier, 1996, Gordon et al, 1997] have found that filament speed is a 

continuous function of [Ca2+], which is consistent with our results. Gordon et al 

calculated that this gradation in mean speed of motile and non-motile filaments as a 

function of pCa could not be explained by an on-off regulation of filaments only. Our 

results support experimentally these calculations providing that the speed of motile 

filaments depends on pCa. 

At pCa 6 we measure maximum speed for thin filaments suggesting full 

activation, but the percentage of motile thin filaments is still not at its maximum. This 

implies that the negative force that makes the filaments stick has to depend on calcium, or 

that cooperativity between neighbouring troponin-tropomyosin complexes is decreased. 

The calcium dependence of the negative force could be explained by inappropriately 

functioning heads, as described before, which turn into weak binding heads at high 

calcium concentrations only. However, this is not very likely because these 

inappropriately functioning heads do not impose a load on pure actin filaments. Brandt et 

al [1984] found that extraction of as little as one TnC molecule per troponin-tropomyosin 

strand on a thin filament in a muscle fibre reduces cooperativity. Loss of cooperativity 

seems an acceptable explanation, since we can not exclude that reconstruction of the thin 

filament is imperfect or changed during the experiments. 
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The gradation in speed is also described by Homsher et al [1996]. They suggested 

four different hypotheses for the speed variation with Ca2+: 1) a "weak binding drag"-

hypothesis in which weakly attached cross-bridges provide a Ca2+-independent drag that 

would provide a load, making speed dependent on the number of active cross-bridges and 

thus [Ca2+]; 2) a "limited cross-bridge number"-hypothesis in which if cross-bridges have 

a short duty cycle and modest throw, the speed will be increased with each recruited 

cross-bridge 3) a "cross-bridge cycling rate"-hypothesis in which the cross-bridge cycling 

rate is controlled by Ca2+; and 4) a Ca2+-dependent drag due to secondary interactions of 

the regulatory proteins with myosin or the nitrocellulose, in addition to the primary 

binding to the actin filament. 

The first hypothesis is consistent with our description of a balance of forces 

responsible for steady filament speed. Gordon et al [1997] reasoned hypothesis 1 to be 

unlikely because the speed was graded, even at the highest ionic strengths [Gordon et al, 

1997], where the weak cross-bridge interactions with actin are minimal [Brenner et al., 

1986; Schoenberg, 1991]. However, the decrease in viscous force from the decrease in 

cross-bridge affinity could be compensated by an increase in viscous force from a 

decreased attachment-detachment rate of these weakly bound heads. In addition, Gordon 

et al. [1997] observed that elevated ionic strength greatly steepens the relationship 

between the percentage of motile filaments and pCa and suggested that weakly attached 

cross-bridges may play a role in keeping filaments from moving in the absence of Ca2+. 

Another explanation for their observation could be that the transition of sticking heads to 

weak binding heads depends on ionic strength. Anyhow, hypothesis 1 cannot be excluded. 

Hypothesis 2 is excluded since there is no conclusive evidence available to 

support this hypothesis. 

Gordon et al. [1997] reported hypothesis 3 to be unlikely, because [Ca2+] did not 

affect the speed of actin filaments (see also 'Results'). The intrinsic control, mentioned in 

this hypothesis, could be a calcium kinetic cycle superimposed on the cross-bridge cycle. 

However, this would make speed dependent on the number of cross-bridges interacting 

per unit filament length, like proposed in the second hypothesis. 

Hypothesis four is consistent with our description of a balance of forces 

responsible for steady filament speed. Gordon et al. [1997] and Fraser and Marston 

[1995] found an elevated speed for thin filaments as compared to actin filaments. 

However, Kellermayer and Granzier [1996], Homsher et al. [1996] and Sata et al. 

[1995a,b] found a decreased speed of thin filaments as compared to actin filaments. This 
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is in accordance with our results, in which we also showed a decreased percentage of 

motile thin filaments as compared to actin filaments. One explanation for this decrease, in 

speed and percentage, is to assume an extra friction, caused by the troponin-tropomyosin 

complex. If this friction is calcium dependent (inappropriately bound heads 'turning' 

weak with calcium) we cannot exclude hypothesis 4 either. Another explanation would be 

that speed and percentage of motile thin filaments is also regulated by the calcium release 

and binding rate. 

Of all hypotheses, hypotheses 2 and 3 are unlikely. Further experiments are 

necessary to exclude other hypotheses and to elucidate the mechanism. 

The speed and percentage of motile thin filaments in our experiments are 

relatively low compared to results of Homsher et al. [1996] and Gordon et al. [1997]. 

This may be due to differences in experimental conditions, like differences in temperature 

(21 °C in our measurements compared to 30 °C in Homsher et al. [1997]) and ionic 

strength (50 mM in our measurements compared to at least 85 mM in Gordon et al. 

[1997]). 

Our findings that the MgATPase activity increased for thin filaments in the 

presence of calcium compared to actin filaments is in accordance with the findings of 

Lehrer and Morris [1982]. 

Effect of calcium antagonists 

We have shown that the calcium antagonists used do not have an effect on speed 

of motile and non-motile actin filaments. However, a significant decrease in percentage of 

motile actin filaments was found when they were exposed to any of the calcium 

antagonists used. This suggests a direct effect of calcium antagonists on the actin-myosin 

interaction, possibly even a direct effect on myosin or actin. One possibility is that 

calcium antagonists bind to actin in the absence of troponin and tropomyosin, thereby 

prohibiting movement, like the troponin-tropomyosin complex does without calcium. 

Binding of the calcium antagonists to the actin- binding site on myosin is unlikely 

because no remarkable change in actin filament density is observed during the 

experiments. Binding of the calcium antagonists to the ATP binding site on myosin is 

also unlikely because there is no difference in ATPase activity and actin filament speed 

measured. 

A significantly higher speed could be found for non-motile thin filaments exposed 

to any of the calcium antagonists. The speed of non-motile thin filaments, with and 
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without these calcium antagonists, was also dependent on calcium. This suggests a 

decrease in weak binding affinity by the calcium antagonist and by calcium, causing an 

increase in Brownian motion contributing to the speed of non-motile filaments. 

The three calcium antagonists showed their own characteristic effects on speed 

and percentage of motile thin filaments. 

Verapamil treatment leads to a higher speed and percentage of motile thin 

filaments than found in control (untreated motile thin filaments) at all calcium 

concentrations. But, the slopes of the calcium dependence are equal. No change in 

ATPase activity is measured, but according to Gordon et al. [1997] an increase in speed 

does not necessarily have to be accompanied by an increase in ATPase activity. 

Verapamil possibly reduces friction by the troponin-tropomyosin complex or enhances 

the calcium release and binding rate. We can imagine this as a facilitated accessibility of 

actin filaments to myosin, without changing the calcium dependence, or as a facilitated 

binding of actin to myosin through an effect on myosin. In both cases, verapamil would 

be recruiting more active cross-bridges. Also, an enhanced cooperativity between the 

troponin-tropomyosin complexes could explain an increase in active cross-bridges and 

thus motility (speed and percentage of motile filaments). 

The positive effect of verapamil on the percentage of motile thin filaments is the 

opposite of the negative effect on the percentage of actin filaments. This suggests that the 

negative effect of verapamil on actin filaments (described above) is counteracted by the 

effect on thin filaments, or that the effect of verapamil on actin filaments is prohibited by 

the troponin-tropomyosin complex, i.e. the binding sites are already occupied. 

Diltiazem treatment does not significantly change the percentage of motile thin 

filaments (figure 4.IB). This suggests that weak binding of heads and transition to the 

force generating state of the heads is unchanged. Inappropriately functioning cross-

bridges, if changed by diltiazem, would change the percentage of motile thin filaments 

too. At pCa 4, speed is significantly lower than in control. The equilibrium between 

positive (mean driving force) and negative forces (viscous force and forces from 

inappropriately bound heads) is apparently reached at a lower speed. Because viscous 

force and transition to the generation of force, i.e. the start of the head stroke, seems to be 

unchanged, it must be the negative forces at the end of the stroke that are increased 

(resulting in a decreased mean driving force). These forces are coupled to the changes of 

state at the end of the cycle being the transition to the weak binding AMATP complex 

and subsequent detachment. 
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In the case of thin filaments exposed to nifedipine, percentage of motile thin 

filaments showed stepwise calcium dependence from near-zero level at pCa 10 to a 

maximum at pCa 4 till 8 (figure 4.3B). At maximum activation (pCa 4), the speed is 

significantly lower compared to untreated thin filaments. It seems likely that calcium is 

not easily released from the troponin-tropomyosin complex in the sequence of 

experiments, starting with pCa 4 till pCa 8. Only at pCa 10 the equilibrium is shifted, 

thereby releasing calcium from the troponin-tropomyosin complex. There were probably 

enough active cross-bridges to promote maximum percentage of motile filaments, even at 

pCa 8. Maximum speed might not be reached through extra friction caused by either 

nifedipine itself or by the (changed orientation of) the troponin-tropomyosin complex. 

Verapamil, diltiazem and nifedipine affect the actin-myosin interaction directly, as 

seen from the decrease in the percentage of motile actin filaments. In addition these 

calcium antagonist affect the thin filament-myosin interaction, as shown from the increase 

in speed of non-motile thin filaments. Verapamil increased speed and percentage of 

motile thin filaments. As mentioned above verapamil could increase the number of active 

cross-bridges and increase calcium sensitivity. This would increase force exerted by the 

filaments. This is consistent with Skirboll et al. [1979], Maruyama et al. [1982], Su et al. 

[1988], and Schiereck et al. [1993], in which respectively verapamil, verapamil, 

verapamil and diltiazem, and verapamil, diltiazem and nifedipine are reported to enhance 

tension. Diltiazem and nifedipine show a significant decrease in speed of motile thin 

filaments at maximum activation (pCa 4). The further decrease of the speed with 

decreasing calcium concentration suggests a decrease in driving force by diltiazem. The 

stepwise calcium dependence of motile thin filaments suggests an increase in 

cooperativity of the troponin-tropomyosin complex by nifedipine. 

No changes in ATPase activities due to exposure to any of the calcium antagonists 

have been measured. This is consistent with Higuchi and Sakanashi [1985] and Nigdikar 

et al. [1986], who reported that nifedipine, and nifedipine and verapamil did not change 

cardiac myosin ATPase activity in hearts from dogs and rats respectively. Our result 

implies that calcium antagonists do not affect myosin and its ATPase activity but rather 

have an effect on actin and the troponin-tropomyosin complex. 

In future experiments calcium antagonists can be used to change conditions, e.g. 

balance of forces, in such way that it will be possible to reveal the exact binding sites of 

the drugs. 
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ABSTRACT 

Doxorubicin is a highly efficient anti-cancer drug with some serious cardiotoxic 

effects. To elucidate more details about the direct action on the actin-myosin interaction 

we used an in vitro motility assay. 

Thin filaments were reconstituted from skeletal actin filaments, troponin, and 

tropomyosin. Calcium regulates the number and speed of thin filaments moving. 

Doxorubicin showed an increase of speed and percentage of motile actin filaments 

moving over rat heart HMM molecules, suggesting a direct effect on the actin-myosin 

interaction. It also increased speed and percentage of motile reconstituted thin filaments 

moving over rabbit skeletal HMM, suggesting a specific interaction with the calcium-

mediated troponin-tropomyosin complex. The irreversibility of the experiments showed a 

damaging effect of doxorubicin to the proteins. 

Doxorubicin can be a useful tool in determining molecular details concerning 

calcium regulation and possibly also concerning drug-binding sites. 
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INTRODUCTION 

Anthracyclines are highly effective anti-cancer drugs, which are used in the 

treatment of acute leukaemia, non-Hodgkin lymphomas, breast cancer, Hodgkin's disease, 

and sarcomas [Young et al, 1981]. However, the clinical use of anthracyclines as 

cytostatic agents is limited by the frequent development of a dose-dependent chronic 

cardiomyopathy [Doroshow, 1991]. Of the clinically accepted anthracyclines, doxorubicin 

is the most commonly used but it is also the most cardiotoxic one [Jain et al, 1985; 

Cersosimo, 1992]. The anti-tumour activity of doxorubicin is understood to be the result 

of inhibition of nucleic acid and protein synthesis. The mechanism underlying the 

cardiotoxicity is however still unclear. Several hypotheses to explain the cardiomyopathy 

have been proposed. These include anthracycline-induced free radical formation 

[Doroshow, 1983], impaired myocardial calcium homeostasis through alteration of the 

function of cardiac sarcoplasmic reticulum (SR) [Holmberg and Williams, 1990; Pessah 

et al, 1990], and the formation of a highly toxic doxorubicin-metabolite, doxorubicinol 

[Olson et al, 1988]. Life-threatening chronic damage often develops only after several 

weeks or months of treatment, and sometimes even after therapy has already been 

completed. The most threatening chronic effect is the insidious onset of a strong 

cardiomyopathy, which often leads to congestive heart failure [Singal et al, 1987]. 

Various deleterious effects of doxorubicin on sarcolemma, intracellular 

membranes (such as SR), and contractile proteins have already been reported [Doroshow 

et al, 1985]. Doxorubicin selectively inhibits muscle specific gene expression 

[Kurabayashi et al, 1993], It selectively decreases the level of mRNA of the sarcomeric 

genes, alpha-actin, troponin I, and myosin light chain 2, as well as the muscle-specific, 

but non-sarcomeric M-isoform of creatine kinase. Doxorubicin did not affect non-muscle 

gene transcripts (pyruvate kinase, ferritin heavy chain, and beta-actin) and its effect on 

muscle gene expression is limited to cardiac muscle [Ito et ai, 1990], This may explain 

the myofibrillar loss that characterises doxorubicin induced cardiac injury. 

The acute cardiovascular effects develop within minutes or hours after the 

intravenous administration of the drug and are clinically characterised by hypotension, 

tachycardia and various arrhythmias [Singal et al, 1987]. 

To obtain insight into the acute effect of doxorubicin on myocardial contraction, a 

variety of isolated muscle preparations have been studied over the past years. Exposure of 
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intact heart muscle preparations to doxorubicin has been reported to produce positive 

inotropic effects in relatively low concentrations (~1 nM) and negative inotropic effects in 

higher concentrations (~1 mM) in chick heart [Azuma et al, 1981] and in rat papillary 

muscle [Singal et ai, 1987]. A concentration-dependent increase of the contractile force 

by doxorubicin is reported in rabbit papillary muscle [vanBoxtel et al, 1978] and in 

guinea pig heart muscle [Kim et ai, 1980]. In contrast, Höfling and Bolte [1981], Politi et 

al. [1985], Singal and Pierce [1986] and Voest et al. [1994] reported for rat and guinea 

pig papillary muscle, guinea pig atria, rat papillary muscle, and mice atria respectively 

that doxorubicin produces only negative inotropic effects. This effect was not prevented 

by an increase in the extracellular Ca2+ in in vitro rat papillary muscle preparations. 

Therefore, a reduced supply of intracellular Ca2+ is not a likely cause of the observed 

depression of contractile force [for review see Singal et al, 1987]. 

These conflicting data with regard to the acute contractile effects of doxorubicin 

on isolated muscle preparations may result, at least partially, from differences in drug 

dosage, the use of different myocardial preparations, the use of different animal species, 

and differences in the experimental protocol. Most research on the inotropic effect of 

anthracyclines is done in electrically stimulated intact isolated muscle preparations, 

providing information on the final effect of anthracyclines on the generation of force. In 

these models the sarcolemma and the membrane of the SR are intact. This makes it 

difficult to separate membrane-related effects from direct effects on the actin-myosin 

interaction. Experiments on skinned muscle fibre preparations with both outer and inner 

membranes permeabilised, showed that anthracyclines have a direct effect on the actin-

myosin contractile system [deBeer et al, 1992]. Doxorubicin induced an increase in 

tension, which was dependent on the calcium concentration and time of incubation. This 

effect is dose- and anthracycline structure dependent. A small but significant right-sided 

shift of the calcium sensitivity curve, the relation between normalised tension and the 

negative logarithm of [Ca2+], the pCa, was observed as well. However, this small increase 

in calcium sensitivity is not likely to contribute to the observed increase in maximal 

tension. It is likely that the positive inotropic effect of doxorubicin is exerted by direct 

action on the force generating filaments, i.e. actin and/or myosin (possibly an effect on 

myosin ATPase activity), rather than being mediated by alteration of the calcium 

sensitivity of the troponin-tropomyosin complex of the thin filament [deBeer et al, 1992; 

Bottone et al, 1997]. 
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In this chapter the direct effect of doxorubicin on actin-myosin interaction is 

studied in an in vitro motility assay. In this assay myosin molecules or their subfragments 

are attached to a nitrocellulose-coated cover slip and labelled actin filaments are moving 

over this myosin layer in presence of ATP. Also thin filaments can be reconstituted from 

actin, troponin and tropomyosin thereby restoring the troponin-tropomyosin mediated 

calcium regulation as originally present in muscle fibres. The effect of doxorubicin is 

studied on actin and thin filaments moving over rabbit skeletal HMM molecules and on 

actin filaments moving over rat heart HMM molecules. The species difference was 

imposed due to isolation problems, but turned out to be convenient for comparison with 

literature. 

With the elimination of membrane-related events the drug has direct access to the 

contractile proteins thereby excluding diffusion limitations, which may interfere with 

processes involving muscle contraction in (permeabilised) muscle fibre experiments. 

MATERIALS AND METHODS 

Protein preparations 

Animals 

For experiments with skeletal muscle myosin and actin, a male New Zealand 

White rabbit, weighing 2.2 kg was used. The rabbit was anaesthetised with Hypnorm (1 

ml/kg, 0.32 mg/ml fentanyl citrate and 10 mg/ml fluanisone, intramuscular, Janssen 

Pharmaceutics, Tilburg, The Netherlands) and the M. erector spinae was excised. For 

experiments with cardiac muscle myosin, five 6-week-old male Wistar rats were 

decapitated. Hearts were excised. In both cases animal care was in accordance with 

institutional guidelines. 

Myosin and heavy meromyosin (HMM) 

Skeletal muscle myosin was prepared according to the method of Margossian and 

Lowey [1982] and cardiac muscle myosin was prepared according to the method 

described by Sata et al [1993]. Heavy meromyosin (HMM) was prepared by chymotryptic 

digestion of myosin according to Kron et al. [1991]. Myosin was stored at -25 °C in 50% 

7V glycerol or quickly frozen in liquid nitrogen and stored at -80 °C. HMM was stored at 

-80 °C after quick freezing in liquid nitrogen. Before use in the in vitro motility assay 
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ATP-insensitive heads were removed from aliquots of HMM as described by Kron et al. 

[1991]. Therefore filamentous actin (F-actin) was added to HMM in a 1:5 molar ratio and 

the aliquot was centrifuged with 1 to 2 mM ATP for 10 minutes at 167,000 x g in a 

Beekman Airfuge at 4 °C. This myosin preparation could be used in the in vitro motility 

assay for up to 4 hours. 

Protein concentrations were measured by absorption spectroscopy or by protein 

assay (Bio-Rad). The molecular masses and extinction coefficients used to assay myosin 

and HMM concentration were 520 kDa and 0.55 (mg/ml)"1 cm"1, and 260 kDa and 0.60 

(mg/ml)"1 cm"' respectively, both at 280 nm. ATPase activities were measured in solution 

under comparable conditions as in the in vitro motility assay using a malachite green 

assay according to Kodama et al. [1986]. Myosin, HMM, and all other protein 

preparations were also analysed by sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE). 

Actin, tropomyosin and troponin 

Globular actin (G-actin) was prepared according to the procedure of Pardee and 

Spudich [1982] and stored at -80 °C after quick freezing in liquid nitrogen. In presence of 

KCl (50 mM) and ATP (1 mM) G-actin was polymerised during 3 hours on ice. 

For visualisation by fluorescence microscopy, F-actin (2 uM) was labelled with 4 

p.M RhPh (rhodamine-phalloidin) [Kron et al, 1991] in AB-buffer (see Solutions). 

Reconstitution of thin filaments with (labelled) actin, tropomyosin and troponin was done 

by mixing the proteins at concentrations of respectively 400, 100 and 80 nM in a modified 

regulated filament buffer [Gordon et al, 1997] with the following composition: 98.5 mM 

KCl, 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS; Sigma Chemical Co., St. 

Louis, MO), 6 mM MgCl,, 1 mM ethylene diamine tetra acetic acid (EDTA) and 5 mM 

dithiothreitol (DTT), pH 7.4 and ionic strength 125 mM. 

Stocks of 10 mg/ml of tropomyosin (Tm) and troponin (Tn) (both: Lyophilised 

powder, rabbit muscle, Sigma Chemical Co., St. Louis, MO) were made in 10 mM 

TrisHCl pH 7.5, 1 mM DTT, 0.01% NaN3, 5 mg/ml each of L-1-tosylamide 2-phenylethyl 

chloromethyl ketone (TPCK) and Na-p-tosyl-L-lysine chloromethyl ketone (TLCK), 0.3 

mM phenylmethylsulphonyl fluoride (PMSF) [modified from Homsher et. al., 1996] and 

stored at -25 °C for up to 3 months. 
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Protein concentrations were measured by absorption spectroscopy or by protein 

assay (Bio-Rad). The molecular mass and extinction coefficient used to assay actin 

concentration were respectively 42 kDa and 0.62 (mg/ml)"1 cm "' at 290 nm. 

Solutions [Kronef a/., 1991] 

Motility assays were carried out either with labelled actin filaments or with 

labelled thin filaments diluted in AB-buffer (pH 7.4, ionic strength 50 mM and pCa 10, 

10 mM MOPS; 1 mM ethylene glycol bis(ß-aminoethyl ether)-N,N,N',N'-tetraacetate 

(EGTA), 2 mM Mg2+, 2 mM Creatine Phosphate (Boehringer Mannheim, Germany) and 

10 mM DTT. The ionic strength was adjusted by addition of KCl. Before use 35 U/ml 

Creatine Kinase (Boehringer Mannheim, Germany) was added to AB-buffer. 

In the in vitro motility assay, movement of F-actin was induced by AB-buffer 

containing 2 mM MgATP and variable calcium concentrations. Appropriate amounts of 

CaCl2 were added to obtain solutions with values of pCa between 10 and 4, while 

maintaining ionic strength. Scavenger solutions were used to minimise photooxidation 

and photobleaching. Therefore 3 mg/ml glucose, 10-25 U/ml glucose oxidase (Sigma 

Chemical Co., St. Louis, MO) and 200-500 U/ml catalase (Sigma Chemical Co., St. 

Louis, MO) were added to AB-buffer containing labelled actin or thin filaments (see Slide 

preparation for use of this buffer) and/or ATP. 

Doxorubicin (Adriblastina® RTU, Doxorubicinehydrochloride, Farmitalia Carlo 

Erba, Belgium), typically 1 uM, was added to the ATP containing AB-buffer just before 

infusion into the flow cell. 

A computer program based on data of Fabiato and Fabiato [1979] was used to 

calculate the composition of the solutions to maintain ionic strength. 

Slide preparation 

Motility assays were carried out on glass. Therefor, flow cells were constructed 

from a no. 1 cover slip (24 x 40 mm), two spacers (each 3 x 24 mm) and a top cover slip 

(24 x 24 mm) attached to each other with grease. Cover slips were coated with a thin layer 

of freshly diluted nitrocellulose (1%) and used the same day [Kron et al, 1991]. Total 

chamber volume was about 100 ul. All solutions were infused by pipette while holding 

the flow cell slightly tilted. Capillary forces facilitated the filling procedure. First, the 

flow cell was filled with 100-200 ug/ml heavy meromyosin (HMM) and incubated for 1 
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minute, followed by AB (buffer described in Solutions) with lOmM bovine serum 

albumin (BSA) to remove unbound HMM and to block non-specific protein binding. 

After exposing the chamber to AB containing 0.02 uM unlabelled F-actin for 1 minute, 

the chamber was washed with AB containing 2 mM MgATP, to unblock active actin-

myosin interactions and remove access of unlabelled F-actin, followed by two times AB 

with 10 mM BSA. This procedure uses unlabelled F-actin to block ATP-insensitive heads 

on HMM, which were either not removed by centrifugation (see Myosin and Heavy 

Meromyosin Preparation) or were formed when HMM bound to the nitrocellulose surface 

[Rron et ai, 1991; Sellers et ai, 1993]. Actin or thin filaments (4 nM) in AB was added 

and after 1 minute washed with either AB containing the scavenger solutions alone or, in 

case of thin filaments, with AB containing scavenger solutions plus troponin and 

tropomyosin (80 and 100 nM respectively). Finally, the slide was transferred to the 

microscope stage. Adding AB containing ATP (and in case of thin filaments also calcium, 

troponin and tropomyosin) starts the movement of the actin (or thin) filaments. All 

measurements are done at room temperature. 

Data acquisition and analysis 

Labelled actin filaments were observed through an inverted microscope (Nikon 

Diaphot 300) equipped with a HglOOW lamp and a Nikon fluorescence filter set (Omega 

Optical XF37; Xexc = 546 nm, beam splitter 560 nm, A.em = 570 nm). Actin filaments were 

imaged with an intensified CCD camera (Photonic Science Limited Darkstar). The 

standard PAL video signal from the camera, together with time/date/title signal 

(Blaupunkt), was recorded on an S-VHS video recorder (VCR model GV 470 S VPT 

Grundig) for off-line analysis. 

To digitise the recorded images the video signal from the video recorder was fed 

into the S-VHS input of the standard video device (VINO) of a Silicon Graphics Indy 

workstation. 

Actin filament speed was calculated using a home written program (ActinFil; 

written by JGZ) as described in Chapter 3. Only uniform sliding filaments were used for 

speed analysis. This excludes waving and buckling filaments, in which parts of these 

filaments are not attached to the myosin-surface. 

For all conditions measured at least five areas from at least 3 slides were analysed. 

Results are presented as mean ± SE. For statistical analysis of speed of motile and non-
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motile filaments, and percentage motile filaments all data were used. Statistical 

significance was determined by ANOVA followed by pairwise comparisons with the 

Tukey HSD test with a significance level of p<0.05. 

RESULTS 

As already described in Chapter 4 the movement of pure actin filaments appeared 

to be independent of calcium concentration in the range of pCa 10 to 4. In figure 5.1 

speed of motile and non-motile actin filaments (A) and percentage of motile actin 

filaments (B) is shown at pCa 10 only, for comparison with the experiments with thin 

filaments. To maintain proper calcium regulation during the experiments troponin and 

tropomyosin were added to the buffer solutions, similar to the experiments of Homsher et 

al. [1996] and Gordon et al. [1997] for thin filaments reconstituted from skeletal muscle 

actin filaments with respectively cardiac and skeletal muscle troponin and tropomyosin. 

For these untreated1 reconstructed thin filaments, all experiments started at pCa 4 

and ended at pCa 10; verification afterward with pCa 4 led to a full recovery of speed and 

percentage of motile filaments. This indicates that the proteins were not damaged during 

the experiment. In experiments with doxorubicin-treated thin filaments, on verification 

with pCa 4 afterward, percentage of motile filaments and speed did not recover to the 

value for untreated thin filaments. 

The path reconstruction method, described briefly in 'Materials and Methods' of 

this Chapter and in detail in Chapter 3, is used for speed analysis. Speed histograms 

obtained from the measurements show a clear minimum at 1 um/s for all measured 

calcium concentrations (not shown here). This allows us to separate motile and non-

motile filaments. 

Figure 5.1 A shows speed of motile and non-motile thin filaments at different 

calcium concentrations with and without doxorubicin, sliding over skeletal muscle HMM. 

At pCa 10 movement of thin filaments ceased. Also shown is speed of motile and non-

motile actin filaments at pCa 10 with and without doxorubicin. There were no reliable 

measurements of speed and percentage of motile thin filaments with doxorubicin at pCa 

9. 

1 Untreated (or treated) is related to the use of a calcium antagonist only. 
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Speed of untreated motile thin filaments shows a decrease with decreasing calcium 

concentration (see also Chapter 4 for detailed description). Speed of motile thin filaments 

exposed to doxorubicin show the same tendency, but at a significantly higher speed level. 

Speed of non-motile thin filaments is significantly increased by doxorubicin as well. 

Doxorubicin has no effect on speed of motile and non-motile actin filaments. 
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Figure 5.1 Speed and percentage of motile and non-motile rabbit skeletal actin 
and thin filaments with (1/Ai) and without doxorubicin, moving over rabbit 
skeletal HMM molecules, dependent on pCa. 
A. Sliding speed (/jm/s) of motile (+) and non-motile (A) thin filaments at 
various pCa. The numbers of motile filaments analysed at pCa 4, 5, 6, 7, 9 and 
10 were, 187, 29, 35, 34, 9 and 0 respectively. The numbers of non-motile 
filaments analysed atpCa 4, 5, 6, 7 and 9 were 249, 103, 111, 192, 183, and 49 
respectively. Sliding speed (fjm/s) of motile (O) and non-motile (A) thin 
filaments exposed to doxorubicin at various pCa. The numbers of motile 
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filaments analysed at pCa 4, 5, 6, 7, and 8 and 10 were, 44, 65, 56, 38, 29 and 0 
respectively. The numbers of non-motile filaments analysed at pCa 4, 5, 6, 7, 8 
and 10 were, 51, 38, 74, 34, 79 and 56 respectively. Sliding speed (fjm/s) of 
motile (%) and non-motile (Ml actin filaments is shown at pCa 10 using a line 
parallel to the pCa-axis to illustrate that this speed is not dependent on calcium. 
The numbers of motile and non-motile filaments analysed were 41 and 18 
respectively. Sliding speed (/jm/s) of motile (O) and non-motile (°) actin 

filaments exposed to doxorubicin is shown atpCa 10. The numbers of motile and 
non-motile filaments analysed were 62 and 74 respectively. 
B. Percentage (%) of untreated (+) and doxorubicin-treated (O) motile thin 
filaments at various pCa. The numbers of untreated thin filaments analysed for 
pCa 4, 5, 6, 7, and 9, were 436, 132, 146, 226, 192 and 49 respectively (sum of 
the numbers of non-motile and motile filaments as mentioned in A). The numbers 
of doxorubicin-treated thin filaments analysed at pCa 4, 5, 6, 7, 8, and 10 were 
95, 103, 130, 72, 108 and 56 respectively. Also shown is percentage motile actin 
filaments with (O) or without (9) doxorubicin. Numbers of untreated and 
doxorubicin-treated actin filaments were 59 and 136 respectively. 

Figure 5.IB shows the percentage of untreated and doxorubicin-treated motile 

thin filaments at different calcium concentrations, and of untreated and doxorubicin-

treated motile actin filaments. The percentage of doxorubicin-treated motile thin filaments 

decreases with decreasing calcium concentration, but remains at a significantly higher 

level compared with percentage motile filaments without doxorubicin. Percentage of 

doxorubicin-treated motile actin filaments is significantly decreased when compared to 

untreated motile actin filaments. 

In figure 5.2A it is shown that doxorubicin has no effect on speed of actin 

filaments moving over rabbit skeletal muscle HMM, whereas figure 5.2B shows a 

significant increase in speed of actin filaments moving over rat heart muscle HMM. 

Figure 5.2C and D show that addition of doxorubicin respectively significantly 

decreases percentage of motile actin filaments moving over rabbit skeletal muscle HMM 

and significantly increases percentage of motile filaments moving over rat heart muscle 

HMM. 

There is no effect of doxorubicin on the myosin ATPase activity (for both skeletal 

and heart muscle myosin) measured in solution in presence and in absence of actin or thin 

filaments at pCa4 and 10. 

At clinical use concentrations of 10 uM can be found in cells. Unfortunately, in 

the motility assays concentrations of doxorubicin above the 1 uM can not be used, since 

the intensity of auto fluorescence exceeds the intensity of actin filament fluorescence. 
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During the experiments no remarkable breaking into segments of actin filaments 

were seen after addition of doxorubicin. Also G-actin could be polymerised in presence of 

doxorubicin. 
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Figure 5.2 Speed and percentage of motile and non-motile rabbit skeletal actin 
filaments with (1/JM) and without doxorubicin, moving over rabbit skeletal or rat 
cardiac HMM molecules. 
A. Speed (um/s) of motile actin filaments moving over skeletal muscle HMM 
molecules with (in the darker shade of grey) and without doxorubicin. The 
numbers of motile filaments analysed were 144 and 31 respectively. B. Speed 
(fjm/s) of motile actin filaments moving over cardiac muscle HMM molecules 
with (in the darker shade of grey) and without doxorubicin. The numbers of 
motile filaments analysed were 113 and 430 respectively. C. Percentage motile 
filaments (%) of actin filaments moving over skeletal muscle HMM molecules 
with (in darker shade of grey) and without doxorubicin. The numbers of 
filaments analysed were 261 and 76 respectively. D. Percentage motile filaments 
(%) of actin filaments moving over cardiac muscle HMM molecules with (in 
darker shade of grey) and without doxorubicin. The numbers of filaments 
analysed were 173 and 449 respectively. 

CONCLUSION AND DISCUSSION 

In this chapter the in vitro motility assay is used to study the direct effect of 

doxorubicin on the actin-myosin interaction. To ensure saturation of the actin filament 

with the regulatory proteins it is necessary to have the thin filament-proteins present in the 

motility buffer at a concentration greater than that of the actin. In control experiments 

speed of motile thin filaments increases with increasing calcium concentration. At pCa 5 
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speed and percentage of thin filaments is maximal. At pCa 10 all movement ceased. This 

shows that all actin molecules in the thin filaments were subject to the regulating 

influence of the troponin-tropomyosin complexes. This graded behaviour of thin 

filaments is described in detail in Chapter 4 (Conclusion and Discussion). The concept of 

filament motility sketched in that chapter makes it possible to explain the results of 

measurement of percentage motile filaments and speed of untreated and doxorubicin-

treated filaments. 

On actin filaments sliding over rabbit skeletal HMM, doxorubicin has no effect on 

speed of motile and non-motile filaments, but it decreases the percentage of motile 

filaments. This suggests a direct effect of doxorubicin on the actin-myosin interaction, 

possibly directly on myosin or actin. One possibility is that doxorubicin occupies the 

troponin and tropomyosin binding sites of actin, thereby prohibiting movement, in a 

similar way as the troponin-tropomyosin complex without calcium. The actin- and ATP 

binding sites of myosin are less likely because no remarkable change in actin filament 

density is observed as well as any difference in actin filament speed. 

A significant higher speed could be found for non-motile thin filaments after 

exposure to doxorubicin. Speed of non-motile thin filaments with and without 

doxorubicin was also dependent on calcium. This suggests a decrease in weak binding 

affinity by doxorubicin and by calcium, causing an increase in Brownian motion 

contributing to the speed of non-motile filaments. 

On thin filaments sliding over rabbit skeletal HMM, doxorubicin treatment leads 

to a higher percentage motile thin filaments and a higher speed at all calcium 

concentrations. Speed and percentage of motile untreated and treated thin filaments are 

dependent on pCa and the slopes of the curves are not significantly different. No change 

in ATPase activity is measured but according to Gordon et al. [1997] an increase in speed 

does not necessarily have to be accompanied by an increase in ATPase activity. 

Doxorubicin can reduce friction from the troponin-tropomyosin complex or enhance the 

calcium release and binding rate. We can imagine this as a facilitated accessibility of actin 

filaments to myosin, without changing the calcium dependence, or as a facilitated binding 

of actin to myosin through an effect on myosin. In both cases, doxorubicin would be 

recruiting more active cross-bridges. Also an enhanced cooperativity between the 

troponin-tropomyosin complex could explain an increase in active cross-bridges and thus 

motility (speed and percentage of motile thin filaments). 
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The positive effect of doxorubicin on the percentage of motile thin filaments is 

opposite to the negative effect of doxorubicin on the percentage of motile actin filaments. 

This suggests that the effect on actin filaments is counteracted by the effect on thin 

filaments, or that the effect of doxorubicin on actin filaments is prohibited by the 

troponin-tropomyosin complex, i.e. the binding sites for the troponin-tropomyosin 

complex are already occupied. 

As described in Chapter 4 an explanation for the decreased percentage of motile 

thin filaments and maximum speed compared to motile actin filaments is to assume an 

extra friction caused by the troponin-tropomyosin complex or an influence of the calcium 

release and binding rate. Doxorubicin, which shows a comparable effect as verapamil in 

Chapter 4, has the ability to increase percentage motile filaments and speed to a level 

comparable to speed and percentage of actin filaments. This can be explained by a release 

of friction from troponin-tropomyosin complexes or an enhanced cooperativity between 

the troponin-tropomyosin complexes. 

This direct effect of doxorubicin on thin filaments, moving over rabbit skeletal 

HMM, is in agreement with deBeer et al. [1992] who showed a direct effect of 

doxorubicin on skeletal muscle fibres. They observed a small right-sided shift of the 

calcium sensitivity curve. They suggested a direct interaction of doxorubicin with the 

actin-myosin structure possibly by an effect on the ATPase activity or a disrupture of the 

actin-myosin structure. Also Doroshow et al. [1985] showed ultrastructural damage to 

heart and skeletal muscle in mice after 4 days of administration. They showed that the 

degree of myocyte damage was dependent upon the doxorubicin concentration in the 

different tissues used and that there was much less uptake of doxorubicin in skeletal than 

in heart muscle. These results indicate that if acute supply of doxorubicin causes a 

disrupture of the actin-myosin structure, like proposed by deBeer and Doroshow, it will 

probably concern the disrupture of troponin and tropomyosin around the actin filaments in 

both skeletal and heart muscle preparations. A possibility would be that this disrupture 

can be accompanied or starts with a change in position of tropomyosin molecules, making 

the actin filament more accessible for myosin. This also explains the increase in 

percentage motile filaments we found, even at low calcium concentration. 

In our experiments a remarkable difference in effect of doxorubicin on motile 

actin filaments moving over heart and skeletal muscle HMM was found (as described in 

Results and shown in figure 5.2). Doxorubicin increases speed and percentage of actin 
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filaments moving over heart muscle HMM and decreases percentage of actin filaments 

moving over skeletal muscle HMM. This indicates that besides the higher uptake of 

doxorubicin in heart muscle [Doroshow, 1985], there is possibly also a higher sensitivity 

to doxorubicin of heart muscle myosin than of skeletal muscle myosin. However, we can 

not exclude that this effect is only related to the different species used. 

Because the experiments with doxorubicin were not reversible, it is likely that 

doxorubicin causes structural changes in myosin heads or actin that influence results. This 

damage may be clinically relevant but is hard to interpret. Although the mechanism of 

cardiac toxicity is not fully understood, free radical-mediated cell injury may play an 

important role in its pathogenesis [Doroshow, 1983]. The generation of oxygen free 

radicals is facilitated by the formation of doxorubicin-iron complexes. In our system 

however, there are hardly any iron ions present and oxygen radicals are removed by the 

scavenger system present. Therefore, damage to actin or myosin in the in vitro motility 

assay can only be a result of doxorubicin or a metabolite thereof. 

According to Bottone et al. [1998] doxorubicin shows a biphasic action of 

doxorubicin on rat heart muscle fibres. After acute exposure an increase in tension is 

measured whereas after chronic exposure an impairment of tension is measured. The 

increase in speed and percentage of motile actin filaments after acute exposure to 

doxorubicin, seen in our experiments with both rat heart muscle HMM and rabbit skeletal 

muscle HMM, seem to mimic the first phase described by Bottone. The irreversibility of 

our experiment leads to an impairment of speed and percentage motile filaments, which is 

comparable with the second phase. This biphasic action can be explained by a positive 

inotropic effect in the first phase leading to disruption of the contractile machinery in a 

later stage (second phase). 

During our experiments no remarkable breaking into segments of actin filaments 

were seen after addition of doxorubicin. Also G-actin could be polymerised in presence of 

doxorubicin. Although Dalledonne et al. [1992, 1993], Colombo et al. [1988] and 

Colombo and Milzani [1988] showed that doxorubicin decreases size of actin polymers 

and actin polymerisation, no effect was found here. According to Colombo et al. [1990] 

however these processes are highly dependent on metal ion composition. In presence of 

Mg2+ (and KCl) and at low doxorubicin concentration, which are exactly the conditions in 

the in vitro motility assay, actin polymerisation and actin filament size is hardly affected. 

Also the fluorescent label of actin filaments, rhodamine phalloidin, used in the in vitro 
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motility assay and also present in the polymerisation experiment, stabilises the actin 

filaments. 

No changes in ATPase activity from exposure to doxorubicin have been measured. 

This implies that although percentage motile filaments and speed were higher the energy 

expenditure did not change. 

In conclusion, the positive inotropic effect found from acute exposure to 

doxorubicin on rat heart muscle and rabbit skeletal muscle as reported by Bottone et al. 

[1997] and deBeer et al. [1992] is also found in our experiments. The positive inotropic 

effect on actin filaments moving over rat heart muscle HMM can be related to a direct 

effect on the actin-myosin interaction. The positive inotropic effect of doxorubicin on thin 

filaments moving over rabbit skeletal muscle HMM can be related to a released friction of 

the troponin-tropomyosin complex or an increase in cooperativity between these troponin-

tropomyosin complexes. However, we found a negative inotropic effect from acute 

exposure to doxorubicin on actin filaments moving over rabbit skeletal muscle HMM. 

This could also be related to a direct effect on the actin-myosin interaction, but opposite 

to the effect seen on actin filaments moving over rat heart muscle HMM. 

Future experiments determining the binding site of doxorubicin in experiments 

interchanging tropomyosin, and troponin, combined with measurements in which actin 

filaments are put under load might lead to answers concerning acute force increase, 

ATPase activities and effects of tropomyosin, troponin and light chains. 
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Chapter 6 

ABSTRACT 

The in vitro motility assay presents an opportunity to study the mechanics of small 

numbers of actomyosin interactions, without disturbance from other proteins or structural 

inhomogeneities (fibre). This chapter describes an in vitro motility assay in which the 

actomyosin interactions can be loaded in order to measure force-velocity relations at the 

molecular level. Magnetic beads are attached to an actin filament that moves due to its 

interactions with myosin attached to the bottom of a cover slip An adjustable magnetic 

force is applied to these beads by an electromagnet. Its effectiveness is tested in a few 

experiments showing the ability of slowing down an actin filament to arrest by gradual 

increase of the load. 
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HISTORY 

The in vitro motility assay presents an opportunity to study mechanics of small 

numbers of actin-myosin interactions, in order to resolve the question how the ATPase 

reaction is coupled to the mechanical reaction during force generation. Several techniques 

to measure or apply force in an in vitro system have been developed over the last ten 

years. Initially force-applying techniques were developed for movement of myosin over 

actin filament arrays. This highly organised actin can be retrieved from algae, like 

Nitellopsis obtusa, further denoted as Nitella. The auxotonic force-velocity relationship 

and the concomitant relation between work and initial force has been obtained from 

measurement of the motion of a myosin-coated glass needle along well organised actin 

filament arrays of the giant internodal cell of Nitella [Chaen et al, 1989; Oiwa et al, 

1991]. Steady-state force-velocity relationships under positive or negative loads have 

been determined from the steady movement of myosin-coated polystyrene beads along 

actin arrays (also from Nitella), under the influence of a constant centrifugal force [Oiwa 

et al, 1990]. An alternative method to apply force was achieved by control of the motion 

of myosin-coated magnetic beads along Nitella actin arrays by variation of the strength of 

a magnetic field, i.e. by variation of the distance between the assay and a permanent 

magnet [Tregear et al, 1992, 1993]. The centrifugal method can not be used in high-

numerical aperture oil immersion microscopy, which is required for viewing single actin 

filaments in an in vitro motility assay, e.g. Kron et al. [1991]. 

More recently, methods have been developed to study the motion of single actin 

filaments along a myosin-coated surface. In these assays, an optical trap can be used to 

manipulate actin filaments attached to spherical particles with a diameter of several 

hundred nanometres [Simmons et al, 1993; Svoboda et al, 1993]. Using this method, 

force exerted on actin filaments by single myosin subfragment 1 and heavy meromyosin 

molecules has been measured [Finer et al, 1994; Miyata et al, 1994; Mo Hoy et al, 1995; 

Guilford et al, 1997; Kitamura et al, 1999]. To measure actual force-velocity 

relationships, glass needles attached to actin filaments, have been used [Kishino and 

Yanagida, 1988]. However, these glass needles have to be calibrated individually each 

time. 
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AIM OF THE STUDY 

We have attempted to develop an alternative method to apply force to single actin 

filaments, which could overcome some of the difficulties mentioned above. We report 

here our experience of controlling the motion, by means of adjusting force, of a magnetic 

bead-tailed actin filament over myosin heads by varying the strength of an adjustable 

magnetic field. 

Bead and bead-tailed actin preparations 

Preparation of the proteins was done as described in former chapters. 

The beads tested were tosyl-activated and streptavidin-coated dynabeads, both 

from Dynal (Oslo, Norway). 

Tosyl-activated beads were coated with BSA, N-ethylmaleimide-treated HMM 

(HMM-NEM) or with gelsolin. For force calibration of the electromagnet tosyl-activated 

beads coated with bovine serum albumin (BSA) were used. HMM-NEM and gelsolin 

were used to establish a covalent binding of the tail end of actin filaments to the beads. 

HMM-NEM has the ability to bind actin irreversibly, which means that ATP does 

not release HMM-NEM from actin. HMM can be treated with NEM during the procedure 

of the chymotryptic digestion of myosin to HMM, as described in previous chapters, with 

the modifications described by Warrick et al. [1993]. Coating of the tosyl-activated beads 

with BSA or HMM-NEM was done according to Dynal with some modifications. These 

modifications were to optimise the ratio of BSA and HMM-NEM on the bead surface to 

enable actin filaments to bind at one tail end to the bead. 15 (j.1 beads (1 x 107 beads) were 

washed 3 times with 1 ml 10 mM NaHC03 (pH 9.5) forlO minutes, centrifuged in an 

Eppendorf centrifuge at 12000 rpm. The beads were then resuspended in 200(il of the 

NaHC03-solution and mixed with a same volume of 3 mg/ml HMM-NEM or with a same 

volume of 400 ixg/ml BSA. After 1 hour at 4 °C beads were centrifuged and washed 3 

times 10 minutes and 1 time 30 minutes with PBS/BSA (Phosphate buffered saline 

(0,15M NaCl in lOmM NaP,-, pH7.5) with 0.1 W/W%BSA). 

Gelsolin binds to actin at the barbed end of the filament. Gelsolin-coated beads 

were made according to Suzuki et al. [1996]. 
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The streptavidin-beads were coated with biotinylated-HMM with the method from 

Dynal modified as described above. Biotinylation of HMM, for covalent binding to 

streptavidin, is done according to Savage et al. [1992]. 

From electron microscopic images of the tosylactivated beads we could estimate 

the diameter to be 2.81um ± 0.13 um (n=58). In the inverted microscope (Nikon Diaphot 

300) all beads appeared to be autofluorescent, which made labelling of the beads 

unnecessary. 

The calibration of the magnetic field is performed with BSA-coated beads in 

water, and in a solution of 64 w/v % sucrose. The relative viscosities were 1, and 112.4 at 

21°C. The velocity of beads was measured when acted upon by different magnetic forces. 

The forces were determined with the well-known Stokes' relation [Cantor and Schimmel, 

1980] 

F = 67tr)rv, (6.1) 

where r is the bead's radius, r\ the buffer viscosity, and v bead's measured 

velocity through the stationary buffer. 

According to Dynal the beads have a magnetisation per weight, Mb, of-11.5 emu/g, and 

saturation is reached at a field of about O.6k0 (~ 48000 A/m). Their density p amounts 

1300kg/m3. Smith et al. [1992] reported the SD/mean of the magnetic susceptibilities of 

these beads to be 33%. 

The component of force on the bead in the i-direction, J\ , is: 

F ^ H o M — . (6.2) 

where i is the direction x, y or z, |i0 the magnetic permeability in vacuum, M is the 

magnetisation and H is the magnetic field strength. 

When magnetisation of the bead is saturated this becomes: 

F = m,Mbgrad|H| (6.3) 

with (Xo the magnetic permeability in vacuum (4TI 10"7 Vs/Am), Mb the absolute maximum 

magnetisation of the beads at saturation (0.17xl0"12 A/m) and |H| the absolute value of the 

magnetic field strength. 

Two methods were used to attach beads to filaments: An optical trap, described in 

Chapter 2, was used to attach the magnetic beads to actin filaments or actin filaments 

were mixed with HMM-NEM-beads in presence of AB-buffer with ATP. The probability 
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of finding bead-tailed actin filaments is low in these premixed solutions, because 

concentration of beads and actin were low. At higher concentrations beads would stick 

together or more actin filaments would bind to a bead. The optical trap turned out to be a 

very useful tool to drag beads around the flow cell and attach them to actin, in order to 

measure the velocity of more bead-tailed actin filaments simultaneously. 

The advantage of gelsolin is that it binds to the barbed end of actin filaments. The 

streptavidin-beads had the advantage of showing less non-specific binding to the HMM-

coated glass surface. Binding to the HMM-coated glass surface is called non-specific 

when ATP does not release this binding. For all beads addition of 2 mg/ml BSA in all 

buffers decreased this non-specific binding. The experiments shown here are performed 

with HMM-NEM-coated tosylactivated beads, since actin filaments bound to HMM-

NEM-coated beads appeared to be the only ones that showed smooth sliding over a 

HMM-coated glass surface. 

In the unloaded situation, the sliding speed of the bead-tailed actin filament was 

indistinguishable from actin filaments without beads attached. 

Set-up is schematically shown in figure 2.7 in Chapter 2. A schematic drawing of 

a flow cell is shown in figure 2.6 in Chapter 2. 

Slide preparation 

Slide preparation is done as described in former chapters. Before adding beads to 

the solution, ATP and additional BSA were added. This BSA prevented the beads from 

sticking together or from sticking to the nitrocellulose-surface (with non-specific 

interactions). 

Electromagnet design 

The first design of our electromagnet, to exert force on beads, comes from our 

Russian colleagues1 [Bershitsky et al., 1996]. In the framework of collaboration with 

these groups we performed measurements of magnetic field strength and force, exerted on 

magnetic beads, on their design, as reported in van Kaam et al. [1996] and Hamelink et 

al. [1996]. By means of a Hall probe the magnetic field generated by this prototype was 

measured (shown in figure 6.1) and from the field gradient the maximum force on a bead 

1 Andrey Tsaturyan (Inst. Mechanics, University of Moscow, Russia), Sergey Bershitsky and Olga 

Bershitskaya (Inst. Physiology, Russian Academy Sciences, Yekaterineburgh, Russia). 
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was estimated to be 90 pN. From bead velocity measurements in solutions with different 

viscosity a maximal force of 73 pN was assessed. This force is higher than that achieved 

by Tregear et al. [1993]. They reported a maximum force of 12 pN vertically, 

perpendicular to the actin array and comparable to the x-direction in our design, and 14 

pN horizontally, parallel to the actin array and comparable to the y-direction in our 

design. However, in the case of both the Russian prototype and the permanent magnet, 

used by Tregear, forces in z-direction, that would pull beads of the filaments, are not 

negligible. In addition, forces are not easily adjusted in the permanent magnet system of 

Tregear et al. and forces are not constant in the field of view in the Russian design. 
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Figure 6.1. Magnetic field strength, measured with a Hall-probe in y-direction 
between the pole-extensions of Russian design. 

A new design was developed by us, with the intention to find an optimum 

between gaining a high force, which would be constant in the field of view around the 

centre-point in y-direction and negligible in x- and z-direction. Furthermore, the field 

strength should be high enough to saturate the magnetisation of beads in the field of view, 

A software package for modelling 3D magnetic electron optical systems using magnetic 

scalar potentials, MO-3D 2.1 (MEBS), was used to calculate the magnetic field obtained 

with our design. A schematic drawing of the design of the electromagnet is shown in 

figure 6.2. 

In this design a core was made of a material called Vacoflux (Vacuumschmelze, 

Hanau, Germany), which is a ferromagnetic material with low remanent magnetism and 

high permeability. A coil of 2 layers of 80 turns copper-wire (0.7mm) each was wound 
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around the back core. The pole extensions were made up of Permendure, which is also a 

ferromagnetic material with low remanent magnetism and high permeability. The pole 

extensions (partially enlarged in figure 6.2C) were designed as shown to achieve a 

constant force in the y-direction over an area as large as the field of view, and the force in 

the x-direction as small as possible. The 'circle' in the centre has a diameter of 1 mm, the 

minimum requirement for imaging resolution according to the numerical aperture of the 

microscope objective (located underneath). The magnetic field calculated for this design 

is shown in figure 6.3A. Figure 6.3B shows the force calculated from bead specifications 

and magnetic strength. 

•* 7cm • 

T 1.4 cm 

3.0 cm 

Figure 6.2. Schematic drawing of our electromagnet design (not drawn to scale). 
A. View from above, with the dotted square indicating the position of the flow cell 
during experiments. B. Front view. C. Part of the pole-extension enlarged, with 
the square indicating the field of view. 

According to these calculations (figure 6.3) a magnetic system was realised that 

meets the requirements. In an area of 200 x 200 u.m2, on the bottom of the flow cell, force 

in the y-direction can be applied with current beads till 35 pN at a current of 5 A through 

the coil (figure 6.3B). The x- and z-components of force are zero at y = 0 due to the 

symmetry of the design and are small for y * 0 relative to the y-component. Magnitude of 
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force and of its y-component differs less than 1% in the field of view and their variation is 

less than 2%. The direction of force deviates with less than 10 degrees from the y-

direction. The field strength in the area exceeds 105 A/m, whereas magnetisation of beads 

saturates at 4 • 104 A/m. 
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Figure 6.3A. Magnetic field strength H in x-direction calculated for the new 
design with the MEBS-software package. B. Forces that can be achieved with this 
new electromagnet design are calculated for saturated beads with the 
specifications given by Dynal. The area in between the broken lines represents 
the field of view. 

Calibration of the electromagnet 

The force can be adjusted by varying the current through the electromagnet. 

Before determination of velocities, the magnetic field was applied to the beads for at least 

5 s to allow stabilisation of velocity. 
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Figure 6.4 Determination of force on magnetic BSA-coated beads, using the 
electromagnet as drawn in figure 6.2. A. shows force as a function of current at 
0.3(+), 0(*) and -0.5 (A)mm in y-direction from the centre. Lines through data 
points are linear least-square fits to data B. shows force as a function of the 
distance, y, from the centre at a current of 0.5 (•), 0.8(+), 1(A), 2(X), and 5 (O) 
A. Only for the sake of clarification of this figure ird-order polynomial least-
square lines have been fitted to data points with same current (0.5, 0.8 and 2A). 
The area in between the broken lines represents the field of view. 

The force obtained in calibration experiments with BSA-coated tosyl-activated 

beads in high-viscosity-fluid is shown in figure 6.4A, as a function of current, and in 

figure 6.4B, as a function of y. From figure 6.4B we see that the curve has a similar shape 

as the calculated curve (figure 6.3B). However values at -0.5 mm are somewhat higher 

than at 0 mm. This can be due to the centre area not being constructed perfectly circular 
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during the production process of the electromagnet. The area with maximum force could 

therefor be shifted with about 100 to 200 um to the left. 

A force as high as 28pN is measured at 5A. At this current the coil gets hot, and 

we did not measure at higher currents, although we do not seem to have reached a 

maximum yet (figure 6.4A). No deviations of the beads in x- or z-direction have been 

observed during the measurements. In the field of view forces are rather constant, as 

shown for 0.8 and 2A. 

In both water and the high-viscosity-fluid speeds are determined from 

measurements at 5 frames/s. Because of the requirement of an overlap in successive 

frames, velocities of these beads higher than 15 um/s cannot be detected using this frame 

rate. This implies that calibration-forces measured in water cannot exceed 0.4 pN. A 

reliable calibration is therefor achieved only from the measurements at relative viscosity 

of 112.4. 

Application of magnetic force to bead-tailed actin filaments 

Figure 6.5 shows the relative speed of 2 bead-tailed actin filaments at different 

currents. One bead is followed during more time sequences of 5 s and of all time 

sequences a mean speed and standard deviation are calculated. The 'isometric' load can 

hold an actin filament from moving, as is shown for 1 bead to occur at 0.5 A, for the other 

at 0.8A. The speed of the beads at the current they come to a halt is the speed beads 

exhibit from Brownian motion. When current is reduced to zero, the external force is zero 

and the speed of the filament recovers to the value of the bead-tailed actin filament, as 

measured before turning on the current. This reversibility was tested repeatedly by 

turning the current supply on and off. In addition, mean speed of bead-tailed actin 

filaments is comparable to mean speed of actin filaments without a bead attached (1.68 ± 

1.5 um/s). This preliminary experiment so far indicates that the bead is not moving due to 

a remanent magnetic field and does not induce friction. 

These measurements were done in an area around the centre point. We can relate 

the currents to a force to halt the beads of 5-7 pN. This agrees with the force exerted by 2 

or 3 cross-bridges [Molloy et ai, 1995]. The actin filaments attached to the bead could be 

observed through the microscope but we were not able to determine a length, due to the 

fluorescence of both bead and actin filament. We estimated the actin filaments attached to 

the 2 beads by eye to be less than 500 nm. Actin filaments attached to the beads were, 
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however, short and the estimation of only a few cross-bridges interacting with the actin 

filaments might well be possible. 

The shape of the v/I (=v/F)-curve mimics the hyperbolic appearance known from 

force-velocity curves derived from experiments with muscle fibres. This is in contrast 

with the S-shaped curves measured with the centrifugal method [Oiwa, 1990]. 
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Figure 6.5. Effect of current on velocity of 2 beads coated with NEM-HMM 
attached to an actin filament moving over HMM surface. Bead velocity at zero 
current was assigned value ofl. Velocity of bead 1 (O), and SD, is calculated at 
0, 0.2, 0.5, and 0.8 A from respectively 11, 2, 6 and 2 time sequences (5 s each). 
Velocity of bead 2 (x) is calculated from 1 time sequence of 5 s at 0, 0.2, and 
0.5A. Both beads were located in the centre point (y = 0mm). 

In retrospect'. Magnets to exert force on cell components or molecules have been 

introduced in diverse research projects a long time ago, by Hiramoto et al. [1969] who 

exerted force on iron particles by a strong electromagnet to study visco-elastic properties 

of cytoplasm. More recently, Smith et al. [1992] used permanent magnets to exert force 

on magnetic beads bound to DNA molecules in order to measure elasticity. Clogauer et 

al. [1995] applied magnetic fields to collagen-coated ferric oxide beads to induce stretch-

activated Ca2+-flux in fibroblasts. Tregear et al. [1992, 1993] were the first to use a 

magnet in studying the ATP dependent actin-myosin interaction responsible for muscle 

contraction. They used a permanent magnet to exert force on myosin-coated beads 

moving over Nitella actin arrays. Yamasaki and Nakayama [1996] performed fluctuation 

analysis in this Nitella-assay in order to study the dynamics of motor proteins with high 

spatial and time resolution. These forces were higher than the maximum force reported 

here. However, in the design described here, forces in a direction perpendicular to the 
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bead movement, both x- and z-direction, are calculated to be less than 1 % of the force in 

y-direction. The small z-component facilitates measurements of steady speed at 

'isometric' loads without unwanted detachment of the bead-tailed actin filament from the 

myosin surface. We expect to be able to reach forces of -lOOpN, equivalent to -30 actin-

myosin interactions, by optimisation of the ratio of power to heat of the coil and by using 

beads with higher Fe-content. 

In conclusion, we can state that although calibration and measurements need 

refinement, we did develop a technique in which the bead-tailed actin filaments can be 

put to a halt, which can not be ascribed to some artefacts, but is related to actin-myosin 

interactions. 

So far we have introduced a method based on magnetic fields in which force can 

be applied to single actin filaments. The magnitude of force can be easily adjusted and the 

direction is controlled. More experiments will be needed to relate results obtained with 

this method with the characteristics of contracting muscle. However, it seems a promising 

method to explore for this purpose. In general, our method may be adapted not only for 

use in fundamental muscle research but also for other cell biological questions concerning 

a quantitative approach to mechanisms of motility. 
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Chapter 7 

This thesis started with an outline of muscle research on the molecular level. Step 

size is an important parameter, although literature up till now does not give an 

unambiguous answer about myosin's power stroke being loosely or tightly coupled to 

ATP hydrolysis. The overall question to be solved remains "How is the ATP hydrolysis 

coupled to mechanical events?" In vitro motility assays are supposed to provide a tool to 

gain knowledge about the mechanism of energy conversion in muscle into work. The 

'basic' in vitro motility assay, as introduced by Kron et al. [1986], in which actin 

filaments slide over myosin(fragment)-coated surfaces, allows measurement of unloaded 

velocity [Chapterl]. In this thesis we describe the successful implementation of an in 

vitro motility assay in our lab, by means of optimisation of several already existing 

methods (e.g. isolation and labelling of proteins) [Chapter 2]. For the analysis of unloaded 

and loaded actin filament velocity we considered different known methods and we 

concluded that for our measurements we had to develop a new method. This new method, 

which we called the path reconstruction method, enables us to analyse speed of uniformly 

sliding actin filaments. The distributions of motile and non-motile filament speed can 

easily be divided in two distinct speed populations, at any frame rate. In addition we are 

able to detect and sort out non-uniformly sliding filaments [Chapter 3]. 

The calcium regulation mediated by troponin-tropomyosin complexes on actin 

filaments was restored by reconstitution of thin filaments [Chapter 4 and 5]. To test the 

applicability of our in vitro motility assay and the path reconstruction method we studied 

the effect of several drugs that allegedly have a direct action on the contractile apparatus. 

Verapamil, diltiazem and nifedipine affect the actin-myosin interaction directly, as 

seen from the decrease in the percentage of motile actin filaments. These calcium 

antagonists also affect the interaction of thin filaments with myosin, as shown from the 

increase in speed of non-motile thin filaments. Verapamil increased speed and percentage 

of motile thin filaments by increase of the number of active cross-bridges and increases 

calcium sensitivity, which results in an increase in force exerted by the filaments. 

Diltiazem and nifedipine show a significant decrease in speed of motile thin filaments at 

maximum activation (pCa 4). The further decrease of the speed by diltiazem with 

decreasing calcium concentration was explained by a decrease in driving force. In the 

case of nifedipine, the mechanism behind the stepwise calcium dependence of motile thin 

filaments was thought to be an increase in cooperativity of the troponin-tropomyosin 

complex [Chapter 4], 

116 



Summary and Conclusions 

Next we studied the mechanism of the positive inotropic effect of doxorubicin on 

rat heart muscle and rabbit skeletal muscle. The positive inotropic effect on actin 

filaments moving over rat heart muscle HMM can be explained as a consequence of a 

direct effect on the actin-myosin interaction itself. The positive inotropic effect of 

doxorubicin on thin filaments moving over rabbit skeletal muscle HMM seems to be 

related to a reduced friction of the troponin-tropomyosin complex or an increase in 

cooperativity between these troponin-tropomyosin complexes. In contrast, we found a 

negative inotropic effect from acute exposure to doxorubicin of pure actin filaments 

moving over rabbit skeletal muscle HMM [Chapter 5]. 

We succeeded in developing a technique to apply a magnetic load to bead-tailed 

actin filaments. Orienting measurements of speed on bead-tailed actin filaments without a 

load applied showed that this speed is indistinguishable from unloaded speed of actin 

filaments without a bead. This indicated that there is no viscous friction caused by the 

bead, despite the fact that the beads are rather large (2.8 um in diameter). We were able to 

measure velocity of bead-tailed actin under load. Apparently the bead-tailed actin 

filaments are not lifted from the myosin-coated surface by this 'huge' bead. The shape of 

the v/I (=v/F)-curve shows the hyperbolic appearance known from force-velocity curves 

derived from experiments with muscle fibres, unlike the S-shaped curves measured with 

the centrifugal method [Chapter 6]. 

In conclusion, we can state that although calibration and measurements need 

refinement, we did develop a technique in which the bead-tailed actin filaments can be 

put to a halt. This means that a loading force can be applied to the extent that driving 

force developed by actin-myosin interactions can be matched. More experiments will be 

needed to relate results obtained with this method with the characteristics of contracting 

muscle. However, it seems a promising method to explore for this purpose, not only for 

use in fundamental muscle research but also for other cell biological questions concerning 

a quantitative approach to mechanisms of motility. 
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Dit proefschrift begint met een overzicht van spieronderzoek op moleculair 

niveau. De algemene vraagstelling is: Hoe is ATP hydrolyse gekoppeld aan de 

mechanische gebeurtenissen? 'Step size' is daarin een belangrijke parameter, alhoewel er 

in de literatuur (nog) geen eenduidig antwoord te vinden is wat betreft de koppeling van 

de 'power stroke' van myosine met de ATP hydrolyse. 'In vitro motility assays' worden 

verondersteld een methode te leveren om kennis te verzamelen over het mechanisme van 

de omzetting van energie tot arbeid in de spier. Het 'in vitro motility assay' zoals 

geïntroduceerd door Kron et al. [1986], waarin actine filamenten zich bewegen over op 

glasplaatjes bevestigde myosine(-fragmenten), geeft de mogelijkheid de 

contractiesnelheid onbelast te meten [Hoofdstuk 1]. In dit proefschrift beschrijven we de 

succesvolle implementatie van een 'in vitro motility assay' in ons lab, waarbij tevens 

diverse al bestaande methoden (zoals bijvoorbeeld de isolatie en het labelen van eiwitten) 

geoptimaliseerd zijn [Hoofdstuk 2]. Voor het analyseren van de snelheid van belaste en 

onbelaste actine filamenten hebben we na nadere bestudering van gangbare 

analysemethoden geconcludeerd dat we voor onze eigen metingen een nieuwe methode 

moesten ontwikkelen. Deze nieuwe methode, die we 'path reconstruction method' (de 

door het actine filament afgelegde weg wordt gereconstrueerd) hebben gedoopt, maakt 

het mogelijk de snelheid van gelijkmatig bewegende actine filamenten te bepalen. 

Onafhankelijk van de frame-snelheid waarbij geanalyseerd wordt kunnen 2 populaties, 

bewegende en niet-bewegende, actine filamenten worden onderscheiden. De gemeten 

snelheid van niet-bewegende actine filamenten wordt bepaald door Brownse beweging 

van de filamenten en video-ruis. De niet gelijkmatig bewegende actine filamenten 

eenvoudig te detecteren en te selecteren. Deze actine filamenten kunnen, indien gewenst, 

afzonderlijk geanalyseerd worden [Hoofdstuk 3]. 

In de intacte spier wordt de beweging van actine filamenten gereguleerd door 

calcium, troponine en tropomyosine. Deze calcium-regulatie werd in de in vitro motility 

assay hersteld door reconstructie van actine filamenten met troponine-tropomyosine 

complexen tot dunne filamenten [Hoofdstuk 4 en 5]. Om de toepasbaarheid van onze 'in 

vitro motility assay' en de 'path reconstruction method' te testen werd het effect van 

verschillende drugs, die volgens de literatuur een direct effect op het contractiele apparaat 

hebben, bestudeerd. 

De Calciumantagonisten verapamil, diltiazem en nifedipine beïnvloeden de actine-

myosine interactie direct, zoals kon worden afgeleid uit de afname van het percentage 

bewegende actine filamenten. Deze Calciumantagonisten beïnvloeden ook de interactie 
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Samenvatting 

van dunne filamenten met myosine, zoals werd aangetoond door de toename van de 

snelheid van niet-bewegende dunne filamenten. Verapamil verhoogt de snelheid en het 

percentage van bewegende dunne filamenten door een toename in het aantal actieve 

kruisbruggen en een verhoogde calcium gevoeligheid, hetgeen resulteert in een toename 

in kracht uitgeoefend door de filamenten. Diltiazem en nifedipine laten een significante 

afname in snelheid van bewegende dunne filamenten bij maximale activering (pCa4) 

zien. De verder afname in snelheid door diltiazem met afnemende calcium concentratie 

werd verklaard door een afname in aandrijfkracht. Voor nifedipine werd de stapsgewijze 

calcium-afhankelijkheid van de bewegende dunne filamenten geweten aan een toename in 

coöperativiteit van het troponine-tropomyosine complex [Hoofdstuk 4]. 

Vervolgens is het mechanisme van het positief inotrope effect van het 

cytostaticum doxorubicine op rattenhartspier en konijnenskeletspier bestudeerd. Het 

positief inotrope effect van actine filamenten die over rattenhartspier HMM bewegen kan 

worden verklaard door een direct effect van de stof op de actine-myosine interactie op 

zich. Het positief inotrope effect van doxorubicine op dunne filamenten die over 

konijnenskeletspier HMM bewegen lijkt te zijn gerelateerd aan een gereduceerde wrijving 

van het troponine-tropomyosine complex of aan een toename in coöperativiteit tussen 

deze troponine-tropomyosine complexen. In tegenstelling hiermee, vonden we een 

negatief inotroop effect van doxorubicine op over konijnenskeletspier HMM bewegende 

pure actine filamenten [Hoofdstuk 5]. 

We zijn er in geslaagd een techniek te ontwikkelen om een magnetische belasting 

aan te leggen op actine filamenten. Hiervoor is een methode geoptimaliseerd om 

magnetische bolletjes te koppelen aan actine filamenten. Oriënterende metingen van 

snelheid van actine filamenten met een bolletje, zonder dat hierop een (magnetische) 

belasting wordt uitgeoefend, laten een snelheid zien die niet te onderscheiden is van de 

onbelaste snelheid van actine filamenten zonder bolletje. Dit demonstreert de afwezigheid 

van een extra wrijving door het bolletje, ondanks dat dit bolletje relatief groot is (2.8 urn 

in diameter). Ook onder belasting kon de snelheid van actine filamenten, met daaraan een 

bolletje bevestigd, gemeten worden. De met een bolletje gekoppelde actine filamenten 

worden niet van het myosine-oppervlak gelicht door het (relatief) grote bolletje. De vorm 

van de curve van snelheid van het bolletje versus de stroom (v/I; is in dit geval gelijk aan 

de snelheid van het bolletje versus de magnetische kracht op het bolletje (v/F)) laat het 

hyperbolische verloop zien zoals bekend van de kracht-snelheidsrelatie verkregen van 
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experimenten aan spiervezels, dit in tegenstelling tot de S-vormige curves gemeten met 

de centrifugaalmethode [Hoofdstuk 6], 

In conclusie, kunnen we vaststellen dat we een techniek ontwikkeld hebben 

waarmee de bol-gekoppelde actinefilamenten belast en stil gezet kunnen worden. Dit 

betekent dat een belasting kan worden aangelegd tot een niveau waarop de aandrijfkracht, 

geleverd door de actine-myosine interacties, wordt bereikt. Meer experimenten zijn nodig 

om de resultaten verkregen met deze methode te kunnen relateren aan de eigenschappen 

van contraherend spierweefsel. Het is hiermee een veel belovende methode die bij nadere 

uitwerking, niet alleen voor gebruik in fundamenteel spieronderzoek, maar ook voor 

andere celbiologische vraagstellingen betreffende een kwantitatieve benadering van 

mechanismen waarin motiliteit een rol speelt, geschikt kan zijn. 
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tijdens het tot stand komen van dit proefschrift. Bedankt voor het zo snel en nauwkeurig 

uitpluizen van mijn schrijfsels. Toen je mijn onderzoek beschreef als 'het is net Science 

Fiction' realiseerde ik me nog niet in hoeverre dit waar was ... maar ook Steven Block 

[1990] maakte al de vergelijking van de 'beam' uit 'Beam me up, Scotty' (Star Trek) met 
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van de vele grote klussen. Ook alle andere Fijnmechanica-collega's wil ik bedanken voor 

hun bijdragen en getoonde interesse. Met opluchting kan ik zeggen dat alles wat jullie 

gemaakt hebben, in gebruik is genomen, en dat datgene waarvoor het bedoeld was bereikt 

is. Van de Glasblazerij-afdeling wil ik Ben van Gijzel en Rob Tigchelaar bedanken voor 

hun hulp en belangstelling en van de Electronica-afdeling wil ik met name Jan van 

Leeuwen en Ruud Voorn bedanken voor de hulp met o.a. de video, die zo nu en dan weer 

eens vastliep. De fysiologie-collega's Antoni, Arie, Arnold, Berend, Bert, Etienne, Jan B., 

Jan R., John, Marcel, Marieke, Mary, Ronald, Thijs en Wim, wil ik bedanken voor de 

belangstelling en de gezelligheid in en om de koffiekamer. 
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Van de afdeling Celbiologie en Histologie wil ik met name Frank Stiekema, Jan 
Wormmeester, Joost en Marcel bedanken voor alle hulp met centrifuges, labvoorschriften 
en chemicaliën, en voor het welkom zijn bij jullie in de groep. Van de afdeling Biochemie 
wil ik Dave en Ewald bedanken voor de mogelijkheid om aldaar een centrifuge te kunnen 
gebruiken. 

Van de afdeling Electronenmicroscopie wil ik Jan van Marie bedanken voor het 

zoeken naar die ene molecuul. Verder bedank ik Jim Flach en Freek Pasop van This 

Scientific in Sliedrecht en John van Noort van Technische Natuurkunde in Enschede voor 

de moeite die het kostte om tot de mooie AFM-plaatjes te komen. 

Anne, Annemiek, Armand en Wim, bedankt voor de gezelligheid tijdens statistiek, 
borrels, schaatsen enzovoort! 

Uulke wil ik bedanken voor de hulp bij mijn eerste wankele passen in het 

myosineveld, en Martijn als directe collega, die toch doorgegaan is voor de koelkast 

(=promotie) zij het op een andere werkplek. Verder natuurlijk Evert, Antonio, Pavlik, 

Mark en Bas voor de inbreng al dan niet via het spieroverleg. Patrick, die er voor zorgde 

dat ik niet meer de enige was die met een IVMA werkte, voor alle hulp bij het installeren 

van de laser, zodat ik 'eindelijk' met bolletjes op actine kon gaan jagen. Bedankt voor het 

meedenken over het onderzoek, het niet opgeven van de energytransfer-experimenten en 

voor alles wat nog komen gaat. Verder wil ik nog alle collega's bedanken die ik hier nog 

niet genoemd heb. 

Dear Justin and Kitty, thank you for your hospitality during my stay in York and 

for the introduction in the Hn vitro motility assay'-procedures which are used in your lab. 

Geerdien en Misa bedankt voor de vriendschap, de gezelligheid, en voor het delen 

van de woonruimtes. Foske, bedankt voor het delen van alweer 10 jaar leut en leed, en 
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tot ver onder een nulpunt is gezakt, slaagden Guido, Cocky, Alex, Renée, Ivanka, en Leon 

er toch nog in me af te leiden met lekker eten, luiers, lachjes en fitness. Bedankt! Jessica, 

Véronique en Sabine, ook jullie wil ik bedanken voor de 'oude' vriendschappen en voor 

jullie verrassende planning door binnen 8 dagen alledrie te trouwen! Ook alle vrienden 

die ik nu niet met name heb genoemd .. bedankt! 

Lieve pap en mam, bedankt dat jullie er altijd voor me zijn! Woorden schieten 
hier verder tekort, dus ook voor Ad, een simpel bedankje, de rest weetje wel. 
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